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ABSTRACT 
Chemical grafting has been widely used to modify the surface properties of materials, 
especially surface energy for controlled wetting, because of the resilience of such 
coatings/modifications. Reagents with multiple reactive sites have been used with the 
expectation that a monolayer will form. The step-growth polymerization mechanism, however, 
suggests the possibility of gel formation for hydrolysable moieties in the presence of 
physisorbed water. In the following chapters, we demonstrate that using alkyltrichlorosilanes 
(trivalent [3 reactive sites]) in the surface modification of a cellulosic material (paper) does not 
yield a monolayer but rather gives surface-bound polymeric particles. We infer that the 
presence of physisorbed (surface-bound) water allows for polymerization (or oligomerization) 
of the silane, prior to its attachment on the surface. Surface energy mismatch between the 
hydrophobic tails of the growing polymer and any unreacted bound water leads to the assembly 
of the polymerizing material into spherical particles to minimize surface tension. By varying 
paper grammage (16.2-201.4 g/m2), we varied the accessible surface area and thus the amount 
of surface-adsorbed water, allowing us to control the ratio of the silane to the bound water. 
Using this approach, polymeric particles were formed on the surface of cellulose fibers ranging 
from ~70 nm to a film. The hydrophobicity of the surface, as determined by water contact 
angles, correlates with particle sizes (p < 0.001, Student t-test), and, hence, the hydrophobicity 
can be tuned (contact angle between 94˚ and 149˚). Using a model structure of a house, we 
demonstrated that as a result of this modification, cardboard houses can be rendered self-
cleaning or tolerant to surface running water. Each of the chapters below supports the 
mechanism via a series of applications, material characterization, and/or, smart engineering.  
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CHAPTER 1.  INTRODUCTION:  
BIOINSPIRED SURFACE ENGINEERING IN POROUS FIBROUS MATERIALS  
 
This review is devoted to present an overview of the surface engineering of fibrous 
organic material. The beginnings of surface engineering on anisotropic substrates, along with 
a collection of recent progress in surface and interfaces for engineering materials is laid out.   
 
Introduction 
Use of natural fibrous porous materials is ubiquitous to human existence with most 
common applications found in structural materials, apparel and fabrication of simple 
tools/devices. The utility of these materials emanates from the need of an affordable and green 
materials platform that is also simple to engineer and adopt to a myriad of applications. Our 
continued use of these materials is largely due to abundance of lignocellulose and the wealth 
of knowledge in processing such materials. Cellulose, polymerized by d-glucose and whose 
chemistry is well-understood, renders lignocellulosic materials versatile, while maintaining 
bio-compatibility, degradability and complexity in the micro- to macroscale transition. 
Emergence of nanocellulose, has extended the classic applications of cellulose, including the 
field of biomedical [1, 2] (prosthetics, grafts, drug-delivery), composites [3-6], optics [7, 8] 
and electronics[9]. The ability to engineer the mechanical properties of the cellulosic materials 
has allowed their use to replace metal or ceramic implants. Besides post-processing 
modifications, the synthesis of these materials can be used to tune mechanical properties. For 
example, bacterial cellulose can be used in tissue engineering due to its malleability, 
Part of this work has been submitted to Poly. Chem. (2017) 
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biocompatibility and yet it is 10 times stronger than plant-based cellulose, as demonstrated by 
a work from Florea et al.[10] 
 
Figure 1. Nano versus micro scale roughness. (A) Odd-even effect in self-assembled 
monolayer representing the effect of sub-nano roughness. (B) Textured dependence wetting 
properties, like the ones seen on the lotus leaf (C), penguin (D), Namib beetle (E) and Texas 
horned lizard (F). [11-16] 
 
Engineering fibrous materials has relied on surface interaction and bonding to create 
devices and or processes.[9, 17-24] If used in areas where the wetting properties are of 
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importance, surface modification of cellulose is key. To do this, surface-driven self-assembly 
is a feasible route. Countless ways to achieve surface modification of cellulosic material have 
been reported in literature.[25-34] Among them, the most common one is by functionalization 
with silanes. These molecules are well known for their ability to change the wetting properties 
of surfaces, without jeopardizing the mechanical properties of the substrate.[3] This chemical, 
although commonly used, has been plagued by ambiguity in the mechanism of the surface 
reaction leading to often confusing and/or erroneous material predictability.[31, 35-42] We, 
through felicitous choice of reaction conditions and material selection, delineated the 
underlying reaction process as a combination of surface-step growth polymerization with 
concomitant Polymerization-Induced-Self-Assembly (PISA), to give either a stochastically 
distributed surface film or surface-bound gel particles depending, as expected, on 
concentration of the polyvalent oligomers.  This newly described mechanism necessitates a 
discussion on the role of surface texture in the resulting properties. From a free energy point 
of view, wetting of a sessile droplet is a complex phenomenon that can be simplified as a 
double integral of the sum of contribution of capillary energy and changes in surface energy 
upon contact (Equation 1). This Gibbs free-energy dynamic shows a droplet height dependence 
(hxy) and as such, must be dependent on the texture of the underlying surface. The effect of 
surface roughness on wetting has been captured at the sub-nanoscale (e.g. in the odd-even 
effect in self-assembled monolayers, Figure 1A) or at the macro-scale multi-scale roughness 
(Figure 1B). Consequences of texture on wetting is vast in nature, often used as a survival tool 
for organisms living in xeric environments, either due to controlled adhesion or promoting 
self-cleaning properties. A few examples include the superhydrophobic surfaces of plants e.g. 
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in lotus leaf[43] (Figure 1C), penguin feathers[13, 44] (Figure 1D), the Namib beetle[45, 46] 
(Figure 1E) and the desert lizard[16] (Figure 1F).  
 
Eq. 1  
 
Recently, Frankiewicz et. al.[12] proposed a novel process to stochastically modify the 
texture of intrinsically hydrophilic copper and copper oxide surfaces. Surprisingly, the 
resulting surfaces are not only superhydrophilic but possess superhydrophobic and even self-
cleaning properties, which is of interest for example in phase change heating applications. A 
careful study reports the wettability modification of silicone, steel, zinc, brass, aluminum, 
polyacrylonytrile materials and shows the typical tendency of hydrophilic (or hydrophobic) 
surfaces to become superhydrophilic (or superhydrophobic respectively) once their chemistry 
and/or texture are engineered (Figure 1b). In their work, it is also shown, for the first time, that 
the key to reproduce the wettability properties of natural surfaces lies in the multiple tiers or 
scales of texture of the surface. Any surface can be rendered superhydrophobic and self-
cleaning if the texture of the surface is engineered at multiple tiers or levels of roughness albeit 
at the mesoscale (2-50 nm).[47] A mechanistic model is also proposed to explain this atypical 
tendency on the modified copper surfaces. This discourse, however, fails to capture the effect 
of surface chemicals and associated sub-nanometer roughness as captured through self-
assembled monolayers.[48-51] 
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Figure 2. Wetting properties analysis. Microscale systems as described by Frankiewicz (A) 
on the surface roughness analysis of artificial and natural surface for the mechanical 
modeling of the lotus effect. Retrieve with permission from RSC© 2016.[12] (B) Metal 
Substrate roughness affect the order of the molecule assembly on top, affecting the properties 
of the functional group.  
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Other ways to modify the surface of materials is by the dynamic process of self-
assembly. The evolution of the concept of self-assembly, has eased engineering materials 
surface and interfaces. Regardless of the scale the assembly is taking place, self-assembly 
allows for a spontaneous process that leads to stable, well-defined structures. Self-assembly 
can occur, both at the molecular and at the macro scale level, with the use of molecular self-
assembly opening doors to understand the effect of assembled molecular structure 
(crystallization) of materials while the macro scale self-assembly has promising advantages to 
the manufacturing processes and the assembly of industrial parts. Self-assembly at the 
molecular scale is of most interest to surface scientists, in part due to the ability to engineer 
material interfaces with minimal perturbation to the material volume. This scale allows 
engineering of devices for applications in electronics, rapid prototyping, fast detection, 
improvement in soft materials, among others.[52-62] One way the concept of self-assembly 
has been used, is by engineering metal surfaces with thiol molecules.[11, 40, 49-51, 63-68] 
The surface properties can be altered when the molecules form an interface on the surface 
through either physisorption or chemisorption, which however, relies heavily on the structures 
and the nature of the molecular assemblies. The substrates, on which the molecules adsorb, in 
return, can significantly affect the structure of the molecular assemblies. For example, we have 
observed that both structure and wetting properties of self-assembled monolayer (SAM) of 
alkanethiolates on metal show substrate roughness dependence.[50, 51] Figure 2b 
schematically demonstrates the structures of SAMs formed on ideally flat surfaces and disorder 
monolayer formed on rougher surface. The nano-scale roughness on the substrate affects 
intermolecular interactions and thus forming a disorder SAM. We have recently observed that 
the odd-even oscillation of water contact angle on alkanethiolate SAMs formed on smooth 
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template stripped surface (root mean square roughness (RRMS) is about 0.4nm) disappear for 
SAMs on rougher surfaces (root mean square roughness is about 2.2nm), which is induced by 
the loss of molecular order on roughness. A roughness-dependent limit to the molecular level 
odd-even oscillation is observed around RRMS ~1 nm and this was confirmed by sum frequency 
generation spectroscopy to be due to the evolving SAM structure and gauche defects. To 
achieve surface properties from molecular functional group, ordered assembled monolayer or 
at least “islands” of ordered assemblies are required.  
In molecular assemblies, the surface properties are controlled by various factors, such 
as chain length, nature of molecular adsorption, and substrate morphology. It is therefore 
imperative to understand both molecular level, and related sub-nanometer phenomena 
alongside macroscale structural evolution in materials interfaces to understand and predictively 
design materials with desirable wetting/surface properties.  
 
 2.0 Surface Modification  
 
Two common known processes can achieve surface modification of fibrous/cellulosic 
materials: (a) physisorption and (b) chemisorption.  
2.1 Physisorption 
Although, many processes, including reverse engineering have been proposed, a 
simplistic, affordable technique is still desired. Attempts have been considered for reducing 
cost and number of steps in the fabrication process. A potential technique for these efforts is 
physisorption, where due to the absence of covalent bonds the molecules stereo-electronic 
structures is maintained and therefore can be tapped in engineering a materials surface without 
the need to account for substrate-molecule orbital mixing. The orbital mixing on formation of 
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covalent bonds can have drastic effects, as captured short-chain thiolate SAMs on Au where 
propanethiols give hydrophilic SAMs and their butyl homologs are hydrophobic (so-called C3-
C4 transition). An analogous transition is also observed at the C5-C6 transition on Ag 
SAMs.[11] Physisorbed modifiers, being based on weak secondary bonds, are also easier to 
remove from a surface once the utility of the modification is no longer in need. Physisorbed 
modifiers can therefore be seen as transient and in the macroscale are best illustrated by paint.  
	
Physisorption is widely used in modification of fibrous cellulosic materials from paper 
to fabrics. Recently Sakakibara et al., for example, utilized the physical adsorption of a diblock 
polymer to modify the surface of cellulose.[17] The work served as an approach of dispersing 
cellulose nanofibers (CNF) in a high-density polyethylene (HDPE) (Figure 2a). The modified 
surface was characterized with multiple techniques like FT-IR and contact angle measurements 
(Figure 2b). The changes in surface wetting are shown with images of a drop before and after 
surface treatment (Figure 2b). The analysis of the aggregation of the doped material to the CNF 
are seen in the X-ray tomography images (Figure 2c). The higher the weight ratio between the 
copolymer and the HDPE, the probability of obtaining a uniform dispersion from the CNF in 
the nanocomposite is increased. Physisorption, although widely used has an important flaw, 
such as the low strength of bonding when compared to covalent bonding.  
9 
 
 
Figure 3. Surface modification of cellulose. (A-C) Physical adsorption of NF via 
copolymer adsorption to the surface of cellulose. Retrieve with permission form ASC 
©2016.[17] (D-H) Chemisorption of a cellulosic surface with a perfluorinated silane. 
Retrieve with permission from RSC© 2016.[33, 34] 
 
2.2 Chemisorption 
 
		 In contrast to	 physisorption, chemisorption is often used for lasting surface 
modifications, in part due to the strength of the bonding between the grafted material and 
surface of interest. Advances in these techniques have been reported in design of smart 
materials from cellulosic materials, such as paper.[22, 30, 31, 34, 69-86] The use of paper as 
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an engineering material is an area that is expected to grow due to the global availability of the 
material, affordability, and simple modular chemistry. It is therefore important to understand 
methods to chemically graft interesting molecules onto paper and related cellulosic materials. 
Chemical grafting on paper is widely studied albeit with mixed results and some 
misrepresentation of ensuing reactions. For example, Belgacem[87] used trialkoxy silanes in 
either water or alcohol to modify cellulose—a mechanistic paradox since the reactive moiety 
on cellulose –OH, a moiety that is abundant in the medium of choice. The deposition of a 
perfluorosilane molecule onto the cellulose fibers in paper rapidly produces hydrophobic 
surfaces,[33] allowing the paper to be used as a substrate material for bio-analytical devices, 
microfluidics, self-cleaning surfaces, among others.[3, 9, 25, 70, 71, 73, 75, 77, 79, 80, 88-95] 
We recently used trichlorosilanes to understand the underlying mechanisms and coupled it to 
the resulting materials properties, and expanded these reactions beyond pure cellulosic 
materials. Besides wetting, surface modification can affect how materials respond to different 
stimuli. When the modification is coupled with texture engineering, for example in the morpho 
butterflies, light scattering can lead to colored surfaces without the need for pigments. In mixed 
materials, stress translation between components of the composite can also be highly affected.  
 
3.0 Surface-Dependent Properties 
 
3.1 Mechanical Properties  
Early 1930 wings and fuselage of airplanes commonly use fabric doped with cellulose 
nitrate. The use of this fabric posed fire hazards, the motor components could act as an ignition 
source. War led to an increase in the use of cellulose nitrate due to the need of low-cost, quick 
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drying coatings in industrial processes. However, this changed quickly due to the flammability 
of cellulose nitrate. A solution to replace this doping material was suggested in 1935 by 
Kline[96], demonstrating that cellulose acetate can be a potential doping material, which 
retards the flame. Through an extensive work of validation in the mechanical properties 
(tautness) of the fabric doped with cellulose acetate, he demonstrated the potential of cellulose 
acetate to reduce flammability of the fabric. 
Recently, Das et al.[97] demonstrated through a single-step, self-assembly fire coating 
barrier of sodium carboxymethyl cellulose and montmorillonite (CMC/MTM)( Figure 4A). 
This work demonstrated the potential of textiles to resist direct high intensity flames from short 
distances (130mm) using a fire break-through test (Figure 4D). The samples displayed also 
showed varied mechanical toughness depending on the concentration of the CMC/MTM 
coating on the cotton fibers (Figure 4B, 4C). 
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Figure 4. Cotton fibers as fire resistant material. (A) Schematic of the procedure followed 
to design bioinspired nanocomposite coatings, (B) XRD results of the pure MTM film and 
coated fabric, to the left is a cross section SEM micrograph of CMC60MTM40 film (scale 5um). 
(C) SEM images of the polymer coated platelets (inserts scales 2 um). (D) Fire break-through 
test, each column represents a varied concentration of the CMC60MTM40. Retrieve with 
permission from Nature© 2017.[97] 
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Another example of physical changes is by Luong et al. who investigated 
graphene/cellulose nanocomposite with high mechanical and electrical enhancements.[98] The 
work was design by adjusting the graphene content in the graphene/cellulose composite 
(Figure 5A). Electrical conductivity of 4.79 x10-4 Sm-1 was achieved with the composite 
material. It was also found that with a weight percent of just 0.3% of graphene, the tensile 
strength increased by 1.2 times (Figure 5b) and 2.3 folds compared to that of native cellulose 
and graphene oxide paper respectively (Figure 5C). 
 
Figure 5. Design of graphene/cellulose nanocomposite paper. (A) Images of the graphene 
oxide solution and RGO/A-NF solution, to the right are some paper with different graphene 
content of 0.3wt%, 1wt%, 5wt%, 10wt%. (B) Stress-strain curves of graphene oxide paper and 
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(C) composite containing NFC with varied graphene contents. Retrieve with permission from 
RSC© 2011. [98] 
 
3.2 Optical Properties  
In search of materials for low cost flexible electronics, cellulose is widely seen as a 
material with great potential. The electrical conductivity of native cellulose is intrinsically 
poor; however, its porous nature and presence of hydroxyl groups allows one to change its 
properties by inclusion of appropriate fillers or functional groups. Here we discuss several 
examples of such nature. 
Polyaniline (PANI) is a well-known conductive polymer. Hu et al. successfully 
impregnated bacterial cellulose with PANI by initiating polymerization of the aniline monomer 
within the cellulose fibers.[99] This resulted in the cellulose fibers coated with PANI (Figure 
6A and B), which significantly improved the electrical conductivity of the material. Although, 
flexibility is maintained, the strength of the composite deteriorated with increasing PANI filler, 
due to the reduction of hydrogen bonding network between surface hydroxyl groups. Similarly, 
Dall’Acqua et al. coated cellulose textile fibers with polypyrrole and also observed enhanced 
electrical conductivity (Figure 6C).[100] Nguyen et al. incorporated graphene oxide into 
nanofibrillated cellulose and performed in situ reduction reaction to obtain a black colored 
graphene/cellulose nanocomposite (Figure 6D).[101] It was reported that both mechanical and 
electrical properties were enhanced in the process. The improvement in mechanical properties 
(more than 2-fold) was associated with good dispersion and strong interactions between the 
graphene fillers and cellulose fibers. Shah and Brown introduced an interesting concept; 
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whereby bacterial cellulose was soaked in electrochromic dyes. They successfully 
demonstrated controlled color change of the material (Figure 6E and F) based on current flow. 
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Figure 6. Scanning Electron micrographs of electrically enhanced cellulose. (A) Native 
Bacterial cellulose. (B) Bacterial cellulose coated with polyaniline. (C) Cellulose textile fiber 
coated with polypyrrole. (D) Nanofibrillated cellulose incorporated with graphene. (E-F) 
Optical micrograph of bacterial cellulose showing color change as a current is applied. Retrieve 
with permission from ASC© 2011.[99]  
 
4.0 Degradation 
4.1 Degradation Properties  
One of the biggest advantages of using cellulosic materials for disposable devices is 
degradability of the material compared to conventional plastics albeit with less harmful by-
products. This degradability is largely due to cellulose’s vulnerability to aqueous fluids and a 
slew of enzymes. As previously discussed, to reap the advantages of cellulose-based materials, 
we need to functionalize and render the material hydrophobic. Many groups have demonstrated 
successful treatments [80, 102-105]; however, few have managed to address the environmental 
impact of their products—a key point if mass production is the goal. In this section, we 
highlight some endeavors on the degradability of paper, when treated with silanes via chemical 
vapor deposition to form surface polymers. 
 
4.1.1 Thermal Degradation 
It has been erroneously hypothesized thermal degradation of perfluorosilane treated 
paper should produce the highly toxic, hydrogen fluoride (HF), from degradation of the 
fluorinated tail. This assumption hinges on the disproved notion that monolayers are formed 
when the paper is silanized. We, however, showed that silane molecules instead polymerizes 
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to form cross-linked networks[33], an intuitive preposition considering that trihalosilanes and 
water are monomers with multiple reactive head groups. Thus, high grammage blotting paper 
treated with 1H,1H,2H,2H-trichloro (perfluorooctyl)silane was thermally degraded and the 
byproducts; i) gas, ii) solid, ii) liquid phases were analyzed.[106] 
Gaseous exudates: Silanized paper was first subjected to controlled heating by 
thermogravimetric analysis (TGA) in ambient atmosphere and the evolved gasses were 
analyzed by infrared (IR) and mass (MS) spectroscopy (coupled TGA-IR-MS). Under all 
temperatures, HF (M+1 =20, IR absorbance = (broad) 3600-4000 cm-1) was not detected in 
the volatile exudates but rather cellulose degradation by-products of H2O, CO2 and CO were 
observed. Figure 7 depicts the procedure of pyrolysis performed on the functionalised paper, 
and the chemical analysis via mass spectrometry. It is therefore safe to infer that either i) the 
chemical grafting is surface dominated and hence very little of the polymer is formed on the 
surface; such that the concentration of the alkylsilane degradation products are very low, or, 
ii) that the alkylsilane does not degrade and is either left in the solid or distils off. Calling for 
further evaluation of the presupposed decomposition into HF and COFx fragments. 
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Figure 7. Thermal analysis of the toxicity of functionalized paper. Evidence of the toxicity, 
if any, of the thermal degradation of functionalized paper with silane molecule, with a 
perfluorinated tail. The gas, liquid and solid phase of the degradation was analyzed for the map 
out of hydrogen fluoride.[106] 
 
Solid residue: The mass loss of treated paper followed an analogous trend as a control 
(untreated paper), however, the final mass of the former was consistently lower than the latter 
irrespective of the extent of the treatment. This could potentially mean that the treatment 
improves the thermal degradation of the material, an interesting fact that deserves further work. 
The remaining ash after thermal degradation were analyzed by energy dispersive x-ray 
spectroscopy (EDS).[106] Significant amounts of fluorine were indeed found on treated paper 
subjected to 350˚C, indicating that the cellulosic components start to thermally degrade prior 
to de-polymerization of the polysilane. Above 700˚C, however, no fluorine is observed in 
either the solid or gaseous exudates suggesting that the polysilane has decomposed but has not 
degraded to small volatile entities. This necessitates an investigation into the possibility of a 
depolymerization-distillation pathway to the loss of the alkylsilane coating. 
Liquid distillate: To trap any liquids evolved, the volatile byproducts of thermally 
degraded paper (>700˚C) were channeled into a column to promote condensation. Fluorine 
was found via fluorine-19 nuclear magnetic resonance (19F NMR), and the peak at -80.07 ppm 
was assigned as C-F3 groups per literature.[107] Thus, through a systematic set of experiments 
we conclude that HF is not formed when silanized paper is thermally degraded. 
 
 
19 
 
4.1.2 Biodegradation 
Besides thermal degradation, paper products are also widely disposed-off in dumpsites 
or buried, owing to their ability to biodegrade. For this reason, paper is widely used in 
packaging often with limited use in humid environments. With surface treatment, however, 
this can be extended to use even with aqueous solutions as discussed above. Lateral flow 
dipsticks point of care (POC) devices are commercially available and usually consist of a very 
simple build-up.[75] Aside from the active test strip, the device is made from plastic 
(polystyrene), which have poor biodegradability. Directly addressing this issue, disposable 
dipstick Malaria testing devices were fabricated by stacking layers of silanized paper (Figure 
8A).[75] Both paper and plastic devices were buried in an open field (tropical-climate in 
Nairobi, Kenya) and subjected to ambient conditions for a period of 12 months (Figure 8B). 
To compare degradation, the devices were periodically removed and their masses were 
recorded. After 12 months, the paper devices almost completely degraded (except for the 
polymer-based backing of the active strip), whereas the plastic devices remain relatively 
unchanged (Figure 8C). Compared to untreated paper, which degraded within a month (rainy 
season) or two (dry season), silanized paper experienced a delay in the first 2-4 months.[75] 
This was associated with the limited diffusion of water due to the hydrophobic barrier, which 
is essential for the biodegradation. A delayed degradation, albeit fortuitous, could potentially 
improve the shelve-life of the paper device. Nonetheless, we have demonstrated that silanized 
paper can be used to fabricate biodegradable working devices. 
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Figure 8. Biodegradation of paper 
based dipstick devices.(A) Design of 
the paper and plastic commercially 
dipstick-device. (B) Effect of 
environmental exposure of the sample 
once buried. (C) After a period of 12 
month the samples were removed from 
the soil and the mass was measured. 
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5.0 Promising Applications 
Possibilities of paper as a ‘smart material’ has been widely reported.[9, 21, 25, 30, 31, 
70-74, 77, 80, 81, 86, 88, 90-93, 95, 108-118] Some of the most common applications of paper-
based devices are in fast detection analysis, relying on capillary flow. The paper devices are 
made by locally depositing a material (wax and other polymers, hydrophobic chemical, laser, 
among others) creating hydrophobic walls needed to run the test.[79, 85, 93, 102, 110, 115, 
119, 120] Han and coworkers showed an example of this, where a three-dimensional paper-
based ‘slip’ device was use for point of care diagnostic (Figure 9A).[121] The device was 
design to detect infectious human norovirus (Figure 9B). The paper was treated with wax 
patterned to ensure controlled flow of the sample and buffer solution to the detection zone. The 
device was successfully design to work in a microfluidic type of design, yet simple enough to 
be used by unskilled users. The sensitivity of the device was shown with a detection limit of 
9.5 x104 copies ml-1 for human norovirus (Figure 9C).  Although physisorbed wax/polymers 
are a common and affordable option for surface treatment of cellulosic fibers, they are also 
limiting in that they require multiple fabrication steps. A heating step must be added to ensure 
proper deposition of the wax, hence, increasing the cost of manufacturing and time of 
production. 
An alternative to reducing the steps of fabrication is by utilizing chemisorbed reagents 
like trihalosilanes. These reagents can be used in vapor form (chemical vapor deposition) or in 
solution where a carrier fluid is introduced (Figure 9D).[88] These chemisorbed hydrophobic 
barrier range in affordability based on the adopted technique and precision needed. An example 
of a simple affordable means for chemisorbing barriers include TACH (Targeted Asymmetric 
Calendaring and Hydrophobization), that essentially replaced the color ink of a common pen 
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with a trichlorosilane solution, that rapidly modifies the fibers of the paper from hydrophilic 
to hydrophobic (Figure 9E). The manufacturing procedure is simple yet effective since it 
simply involves hand sketching the needed device and with added protective layer, the device 
is ready to be used in just minutes with no extra step of fabrication (Figure 9F and G). This 
technique was also shown to be useful in creating hydrophobic barriers in low-cost diagnostic 
devices.[88, 93, 110] 
 
Figure 9. Potential of paper as a biological material. Schematic of (A) wax patterned 
microfluidic device for the fast detection of human norovirus (B-C). Retrieve with permission 
from Nature© 2016.[121] (D) TACH technique to design microfluidic device on paper, 
characterized by X-ray imaging (E), assembled, and tested with a water based dye fluid (F). 
Retrieve with permission from RS© 2017.[88] 
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5.1 Advanced technologies 
The diverse applications of paper are on the rise because it is light weight, flexible, 
abundant, low cost and biodegradable. Paper has found increasing applications as a substrate 
for printed electronics,[86, 91, 94, 116, 122-126] microfluidics,[79, 85, 103, 120] 
scaffolds,[70, 95, 112, 127-130] low cost diagnostics[77, 131] and soft actuators.[90, 108, 132-
134] 
Paper for the growth of cell cultures 
Mosadegh and co-authors utilized paper to in vitro model cardiac ischemia conditions 
(Figure 10).[127] They developed a ‘cells in gels in paper’ (CiGiP) system and formed a stack 
of six layers to generate a gradient for mass transport of essential nutrients formed in blood 
vessels (Figure 10A and B). Six sheets of printed paper were used to form the stack with each 
paper having 20 hydrophilic zones (zones without wax) in which cells (neonatal rat 
cardiomyocytes) suspended in hydrogel were pipetted, hence a count analysis was achieved 
with this material (Figure 10C).[95] In a more recent study, Wang et al. promoted direct 
differentiation of human induced Pluripotent Stem Cells (iPSC) into beating cardiac tissue on 
three types of paper substrates (Figure 10E).[130] Human iPSCs were cultured on paper glued 
to PDMS wells and then differentiated to form cardiac tissues. Figure 10F depicts the presence 
of cardiomyocytes (stained with markers) on the three types of paper along with their SEM 
images. The derived cells were clearly observed on printing paper and filter paper but were a 
bit unclear on the nitrocellulose paper. SEM images exhibited a clustered morphology 
indicating that the porous microstructure on paper facilitated the differentiation of these cells. 
A strong beating frequency of 40-70 beats per minute was observed after 2 weeks on the 
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cardiac tissue differentiated on print paper. These tissues could maintain beating activity up to 
3 months suggesting the applicability of paper in the growth of such cultures. 
 
Figure 10. Paper and its uses in biological assay. (A-B) CiGiP model for cardiac ischemia 
outlining the various components of the system, diffusion gradient available through the layers 
and the number of cells in each layer. (C) Photographs of the paper-based array used to 
differentiate humans induced Pluripotent stems cells (iPSCs). (E) Paper used for the 
engineering of a cardiac tissue. (F) Marker images and SEM images of the cardiac tissue 
derived from iPSCs. Retrieve with permission from Wiley© 2014.[127] 
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Soft electronics 
The use of paper in soft electronics has increased over the past decade.[86, 91, 94, 116, 
122-126] Although most research is focused on patterning films by direct printing on the 
surface of paper, in a recent study Hamedi and co-workers fabricated ‘electrofluidic’ channels 
in paper by adding water-dispersed conductive inks [poly(3,4-
ethylenedioxythiophene):polystyrene sulfonated abbreviated as PE-DOR:PSS and multiwall 
carbon nanotubes (MWNTs)] on wax patterned paper (Figure 11A).[91] Figure 11A depicts a 
schematic of the electrofluidic channels. On drying, these inks covered the entire thickness of 
the paper as opposed to the previous techniques [135-137] and became electrically conducting 
wires. The conducting paths defines the electronic channels whereas the wax barriers defined 
the fluidic channels (Figure 11B). The authors designed multiple devices from this system most 
notably a foldable paper battery in which the entire battery was integrated on a single sheet of 
paper and folded to align the patterns in each layer (Figure 11 C). The battery was connected 
to an LED and from the discharge curve; specific energy of 94 kJkg-1 was calculated over the 
course of an hour (Figure 11D).  
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Figure 11. (A) Schematic of the electrofluidic channels on paper, top view, cross section 
showing that the inks wet the entire thickness of the paper (yellow and green shade refer to 
wax, blue shade refers to PEDO: PSS and black shade refers to MWNTS). (B) Schematic of 
the foldable paper battery with the electrolyte (1M NaCl) and LED, equivalent circuit of the 
same battery. Retrieve with permission from Wiley© 2016.[91]  
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Soft Actuators 
The fabrication of actuators with different actuating mechanisms for soft robots is on 
the rise.[134] Surprisingly, little research has been done on the use of paper as an actuator.[90, 
108, 117, 132, 133] Recently, Hamedi et al. utilized a similar system as the electrofluidic 
network, this time, coating the paper with PEDOT: PSS and attaching a tape to either one side 
of the paper or both sides. They fabricated pre-curved, creased-curved and creased-sawtooth 
actuators respectively(Figure 12).[90] These actuators were termed as Hygro-expansive 
Electro-thermal Paper Actuators (HEPAs). Mechanical actuation was based on the moisture 
content in the paper. A heating element attached to the actuator promoted resistive heating, 
which reduced the moisture content leading to actuation (Figure 12 A, B and C). The actuator 
returned to approximately its initial shape on turning the heating element off due to the 
absorption of moisture from the environment. Figure 12A-C illustrate the different modes of 
actuation achieved. An optical shutter was also fabricated from these devices, which allowed 
the passage of light through a hole on actuation (Figure 12D).  
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Figure 12. (A) Time-lapse actuation of pre-curved, creased-curved and creased-sawtooth 
actuators. The yellow shade represents the printed was whereas the blue shade represents the 
PEDOT: PSS ink. The green ink on the pre-curved actuator is from a similar previous 
experiment, the dashed lines on the crease-curved actuator represents the attached passive 
paper, the dashed line on the creased-sawtooth photographs represents the distance travelled 
due to actuation from a plane perpendicular to the width of the paper. (B) Time-lapse 
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photographs of the optical shutter, which shows the emergence of light due to actuation. 
Retrieve with permission from Wiley© 2016. [90] 
 
Conclusion 
Throughout this review, it was outlined the varied surface modification and 
applications of cellulose based materials as engineering tools. 
 
Uses of cellulosic materials for industrial and advance engineering. Fibrous materials 
and their applications have been known for eons. Today the uses of these materials are evolving 
to levels where new engineering is of need. These materials are abundant in nature and their 
adoption into various platforms is accelerated by a deeper understanding and appreciation of 
their interface.  
  Surface engineering of cellulosic materials via physisorption and chemisorption. 
Potential surface engineering of fibrous materials has been reported based on the surface 
interaction/depositions; physisorption and chemisorption. Both proven to have potential uses 
and effective surface modification but one allows the frugal innovation to be applied. That is 
chemisorption, since it decreases the manufacturing process and hence, the cost of design.  
 
Biodegradable surface modification. Biodegradability of functionalized fibrous 
materials is possible by using appropriate surface engineering. This was shown to be possible 
through surface polymerization. This control of the surface deposition prevents the degradation 
of fluorinated silanes, hence, averts the formation of HF as speculated by others who only 
considered a silane monolayer. 
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Promising applications of biomaterials. This material although simple has a vast 
application fields, from biology, biochemistry, bioengineering to electronics. These 
applications as shown previously can replace the common non-degradable materials used in 
industry, such as plastics and or metals. Although their mechanical properties still need to be 
improved to be compared to metals and or plastics, they are still good contenders to start 
replacing these environmental non-friendly materials. 
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CHAPTER 2.  
RECRUITING PHYSISORBED WATER IN SURFACE POLYMERIZATION FOR 
BIO-INSPIRED MATERIALS OF TUNABLE HYDROPHOBICITY 
 
INTRODUCTION 
 The Namib Desert beetle, Stenocara gracilipes, survives in xeric environments, in 
part due to its ability to harvest water from fog.[15, 46, 138] The surface structure of 
the wing cases of these beetles is biphobic—that is, it has hydrophilic bumps that aid in 
water droplet adhesion/collection and hydrophobic valleys that act as collection 
channels for the water droplets to roll towards the beetle’s mouth.[46, 139, 140] These 
beetles have inspired the development of various materials.[15, 141, 142] Most of these 
materials often require sophisticated nano-patterning, expensive equipment, and skilled 
labor forces to fabricate.[15, 45, 141, 143, 144] Biphobic surfaces are important in 
controlled liquid condensation and delivery beyond survival in xeric environments. The 
ability to fabricate materials with these complex structures has been studied for 
anticorrosion,[143, 145] anti-biofouling, electro wetting, and drag reduction as well as 
fog collection.[146] Many of these technologies rely on physisorbed coatings to impart 
hydrophobicity and do not benefit from the often more robust chemical grafting to 
increase the material’s longevity during operation.[15, 45, 141, 143, 146-150] 
Resilience of super hydrophobic coatings is crucial for their use in preventing water 
contamination, surface erosion, and friction and for imparting corrosion protection; 
hence the need for covalent chemical attachment of the coating.[43, 151] In the case of 
covalently coupled modifiers, the use of readily hydrolyzable groups, such as esters and 
Part of this work has been published previously in J. Mater. Chem. A (2016) 
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carbamates, renders the coating(s) labile, and better approaches are therefore 
needed.[152]  
 A well-understood chemical transformation coupled with concomitant self-assembly 
is potentially a feasible approach to altering both the surface chemistry and texture of a 
material surface for tunable hydrophobicity. Alkyltrihalosilanes (RSiX3) have been 
widely used in creating hydrophobic surfaces but there is no consensus as to the 
resulting product(s).[31, 38, 150, 153-159] The reaction of trihalosilanes with material 
surfaces has been hypothesized to lead to (i) well-ordered single-molecule monolayers, 
(ii) a cross-linked monolayer either fully or partially attached to the surface, and (iii) 
the formation of short-chain silesquioxanes, cyclic oligomers of about 2–5 nm.[36-40, 
150, 160-163] We believe that the lack of consensus may, in part, be due to challenges 
in controlling surface-bound water.  
We hypothesized that the controlled reaction of a surfactant molecule, such as an alkyl 
trichlorosilane, through chemical vapor deposition with a material bearing a hydrophilic 
surface would lead to the formation of particles of controlled size but stochastically distributed 
across the surface.[33, 34] The presence of adsorbed water on a hydrophilic surface implies 
that the alkyl trichlorosilane oligomerizes before it contacts the material’s surface. The 
oligomerization recruits surface-adsorbed water as a co-monomer in a step-growth 
polymerization process. To test this hypothesis, we exposed ultra-flat Au (root mean square 
roughness = 0.45 nm) and an atomically flat silicon wafer, with its native oxide, to 
perfluorooctyl trichlorosilane vapor.[33] We observed that, as predicted, the surface 
morphology and wettability were altered, but, more important, spherical particles of different 
sizes were formed (Figure 1 A–D).  
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Figure 1. Surface modification with alkyltrichlorosilane vapors in vacuo: ultra-flat Au (A) 
before and (B) after exposure to silane, and atomically flat Si wafer (C) before and (D) after 
exposure to silane. Exposure leads to significant changes in surface morphology. Schematic 
illustration of the hypothetical stepwise process of hydroxyl groups reacting with 
alkyltrichlorosilane vapor to form hydrophobic particles on the surface: (E, F) 
AlkylTrichlorosilane molecules are vaporized and come into contact with the surface of the 
paper with its adsorbed water. (G, H) The silane molecules then react with surface-adsorbed 
water to form an oligomer. (I, J) The oligomerized alkylsilane molecule reacts with surface 
hydroxyl groups of the cellulose to attach to the paper. (K, L) The chemisorbed polymer 
particles grow further, leading to an increase in size as any remaining surface water is 
chemically removed by the silane. More water can diffuse from the core of the paper fibers to 
the surface, allowing the particles to continue growing.  
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		 We envision this surface modification to occur in a four-stage surface polymerization; 
covalent grafting process: (i) oligomerization of the alkyl silane vapor through reaction with 
ambient water vapor (where applicable) and eventually surface-bound water to create a 
macromonomer (Figure 1G and 1H); (ii) self-assembly of the oligomeric silanes due to the 
presence of adsorbed water (i.e., before all surface-bound water has been chemically removed, 
a large surface energy mismatch between the hydrophobic tails and the remaining bound water 
induces self-assembly); (iii) attachment of the oligomeric alkyl silane (macromonomers) on 
the surface (Figure 1I and 1J), which is likely to occur from the edge of the growing oligomer 
particle analogous to structures inferred by Spencer and coworkers using spectroscopy;[36, 
164] and (iv) an increase in the degree of polymerization with further cross-linking and particle 
growth to produce polymer particles. Continued growth will lead to confluence over the total 
surface (Figure 1K and 1L). For clarity and brevity, we illustrate the process using a single 
layer of molecules; however, with the formation of a self-assembled polymeric particle, it is 
unlikely that the oligomerized silane is always attached on the surface as a monolayer.  
A three-dimensional assembly that grows beyond the range of silsesquioxanes is 
expected, but the presence of bound water limits the extent of this growth. To test our 
hypothesis, we adopted paper as a platform material and alkyltrichlorosilanes as the 
monomers/reagents. Paper is ubiquitous and has gained interest as a structural material 
(housing) in bioanalytical devices, packaging, printing, and many other areas that could benefit 
from controlled surface energy.[80, 165-170] On paper, surface-bound water can be tuned by 
altering its available surface area through grammage (fiber density). 
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EXPERIMENTAL 
 Materials: Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97%) and octyltrichloro-
silane (97%) were purchased from Sigma-Aldrich and used as received. 
Chromatography paper #1 (Whatman), filter paper #1 (Whatman), NYX blotting paper 
(NYX Cosmetics), and cardstock paper (Georgia Pacific) were used as substrates. 
 Surface Modification: To fabricate the hydrophobic paper, pre-cut papers were 
placed in a clean, dry desiccator (kept dry using drierite, with an indicator placed on the 
bottom) followed by ~ 0.1 mL of requisite alkylsilane in a 10 mL dram vial. The 
desiccator was evacuated (~30 mmHg pressure), sealed, and placed in an oven that had 
been preheated to 95° C. After a predetermined time, the desiccator was removed from 
the oven and the paper samples were also removed to be tested for hydrophobicity, 
while equivalent samples were used for characterization. The reaction was performed 
with octyltrichlorosilane (97% Sigma-Aldrich) or its fluorinated analog, 
trichloro(1H,1H,2H,2H-perfluorooctyl) silane (97% Sigma-Aldrich).  
 Contact Angle Measurement: Contact angle measurements were performed with a 
Ramé-Hart 200 (p/n 200-U1) goniometer using 1 µL of deionized water. Samples were 
stabilized and flattened on a glass slide. Contact angle images were collected with a 
high-resolution camera and analysed with DROPimage software. 
 Scanning Electron Microscopy (SEM): A Zeiss Supra55VP field emission SEM 
was used to examine the micro- and nanostructures of the paper substrates and to 
determine the elemental composition (using Energy Dispersive X-Ray Spectroscopy 
[EDS]) of their surfaces. Samples were imaged using an electron beam with an 
accelerating voltage of 1 kV and a working distance of 5.4 mm. Images were collected 
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using an Everhart-Thornley secondary electron detector. An FEI Quanta 250 FE-SEM 
microscope was also used for surface analysis where samples were imaged using an 
accelerating voltage of 1kV and a working distance of 11 mm. Elemental composition 
at various accelerating voltages was determined using energy-dispersive X-ray 
spectroscopy with a silicon drift detector at an accelerating voltage of 10 kV, a working 
distance of 8.6 mm, 1 nm sputtered gold coating, 128x100 resolution, 256 frames, a 100 
ms dwell time, and corrected for drift. 
 Scanning Electron Microscopy-Focused Ion Beam (SEM-FIB): Zeiss NVision 40 
dual-beam SEM-FIB was used to image the formed particles on paper and mill them to 
inspect their interiors. Imaging was performed at 5 kV with a working distance of 4.7 
mm tilted at a 54° angle. Images were collected using the Everhart-Thornley secondary 
electron detector. A focused ion beam of gallium ions was used to mill away a 
rectangular area directly over half of the formed fluoroalkylsilane particles, using an 
accelerating voltage of 30 kV and an ion current of 10 pA.  
 X-Ray Diffraction (XRD): XRD was performed with a Rigaku Ultima IV powder 
diffractometer to examine changes in the crystallinity of the material at a scanning rate 
of 1° per minute. Most polymeric materials, like cellulose, are semi-crystalline and as 
such, X-ray diffraction peaks are expected.[171, 172] The diffractograms for our dense 
NYX blotting paper indicated some degree of crystallinity, with an intense peak 
corresponding to one commonly attributed to Cellulose I (see appendix).   
 X-Ray Photo-Electron Spectroscopy (XPS): XPS was performed on untreated and 
treated paper samples using a Thermo Scientific K-Alpha XPS with an AlKα X-ray 
source. A 100 µm spot size was used for all analysis. A survey scan was performed to 
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qualitatively identify elements on the surface of the paper using a pass energy of 200 
eV, an average of 5 scans, a dwell time at each step of 10 ms, and an energy step size 
of 1.0 eV, with electron flood gun active to prevent charging. This fast scan should 
lessen any damage caused by X-ray exposure. After identification of elements present 
in the sample, quantification of the elements was performed at each element’s signature 
peak using a pass energy of 50 eV, an average of 8 scans, a dwell time at each step of 
50 ms, and an energy step size of 0.1 eV, with electron flood gun active to prevent 
charging. Quantification of all elements and the background correction of the Si2p peak 
were performed using the Advantage software. Peaks were identified manually and fit 
using the Advantage program. XPS spectra were corrected to 284.8 eV for adventitious 
C1s. Silicon 2p peak regions were smoothed using a 1 eV moving average. 
Fourier Transform Infrared Spectroscopy (FTIR): FTIR was performed on a Thermo 
Nicolet 380 FTIR system with the Smart Orbit accessory with a diamond ATR crystal and 
DTGS detector. Peak finding and subtraction was performed using the OMNIC software. 
RESULTS AND DISCUSSION 
To test our hypothesis, paper of different grammage and with or without fillers were 
used. The silane reagents were maintained under dry conditions, and only a small amount (~0.5 
mL) was added to the reaction chamber immediately before initiating the reaction. All 
reactions were run at reduced pressure and elevated humidity and to control the amount of 
surface-bound water on the cellulose.  
Adsorbed Surface Water as a Cross-Linker in Surface Step-Growth 
Polymerization of Octyltrichlorosilane: Three types of papers were used to capture the effect 
of surface-bound water, polycarbonate fillers, and grammage on treatment of paper with alkyl 
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trichlorosilanes. Figure 2 shows SEM images of the native paper (left column) and the treated 
analogs (middle and right columns). As expected, different types of papers gave varied results 
upon treatment with the alkylsilanes (see appendix for supporting data). When a primarily 
cellulosic material (Whatman chromatography paper #1) was subjected to silanization, there 
were no observable differences in fiber surface texture between the control (Figure 2A(i)) and 
the treated paper (Figure 2A(ii)), even though the paper became hydrophobic. Lack of 
differences in the surface texture between the treated and untreated paper can be due to the 
formation of either a monolayer [109, 173-175] or a cross-linked film.[36, 109, 164]  
 
 
Figure 2. Comparison of the effect of the hydrophobicity of the silane alkyl tail on surface 
modification and the resulting changes in texture, with respect to fillers (B and C) or paper 
grammage (A < B< C). The left column (i) shows the unmodified papers, the middle column 
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(ii) shows the same papers after treatment with trichloro octylsilane, and the right column (iii) 
shows the samples after treatment with the perfluorinated analog of the trichloro silane. All 
reactions were run for 24 hours. We inferred that the amount of adsorbed water on this paper, 
under these reaction conditions, falls outside the limits of the critical gel formation coefficient, 
ac. To minimize the amount of adsorbed surface water, we chose two main variables: (i) 
presence of fillers and (ii) altering the grammage (fiber density).  
 Effect of Filler Materials: Cardstock paper, which contains precipitated calcium 
carbonate (PCC) fillers,[176, 177] was used to test the effect of additives on the 
reaction. Figure 2B(i) shows the native cardstock paper with a few clusters of the 
granular PCC filler. Upon silanization, however, predominantly large particles that are 
sparsely distributed on the paper fibers are observed (Figure 2B(ii)). We can infer that 
the presence of fillers promotes the formation of fewer, but larger, silane-derived 
particles on the surface of the paper. 
Effect of Fiber Density: To evaluate the effect of high fiber density, NYX blotting 
paper—a thin, transparent (density ~0.56 g/m3 vs. 0.53 g/m3 for chromatography) paper—was 
treated with the silane. Figure 2C(i) shows the structure of the native NYX blotting paper, and 
Figure 2C(ii) shows the same paper upon treatment with an alkyl silane. We observed that 
when this paper was treated with an alkyl silane, a large number of stochastically distributed 
particles were formed on the paper fibers. The chromatography paper, however, does not show 
any changes in surface morphology (Figure 2A(i) and 2A(ii)). This suggests that the grammage 
may have a significant effect on the evolution of surface morphology upon treatment with the 
silane. morphology 
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 Effect of the Hydrophobicity of n-Alkylsilane Hydrocarbon Tail: We hypothesized 
that the morphology and evolution of surface texture will be highly dependent on the 
hydrophobicity of the alkyl fragment of the silane used. When a lower-surface-tension 
perfluoroalkyl silane (interface comparable to Teflon, surface energy ~18.5 
mN/m)[178] is used to functionalize the paper (surface tension ~ 72 mN/m),[179] it is 
expected that the resulting polymer particle will vary in size and shape as a result of 
accompanying self-assembly.[38, 39, 62, 180] As the reagents polymerize, the 
fluorinated tails are expected to readily cluster due to the high interfacial surface energy 
between them and the bound water.[84, 109]		
 Exposure of the Whatman chromatography #1 paper to either the n-octyl- or 
perfluoro octylsilane showed no significant changes in surface texture (Figure 2A(ii) 
and 2A(iii)). Treatment of cardstock paper with either reagent shows a loss of the filler 
material and, for perfluoro silane, a combination of large and small particles (Figure 
2B(ii) and 2B(iii)). Similarly, treatment of NYX blotting paper shows changes in 
surface texture for both reagents, albeit with differences in quantities between the n-
octyl- and perfluoro silane, with the former showing a significantly higher number of 
particles per unit area, whereas the later	shows a confluence of the particles (Figure 
2C(ii) and 2C(iii)). We can therefore infer that, immediately after the reaction initiates, 
the perfluorinated reagent	leads to small particles that rapidly grow to quickly attain 
complete coverage compared to the non-fluorinated analogues.  
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Figure 3. SEM micrographs of surface polymerization of trichloro(1H,1H,2H,2H-
perfluorooctyl) silane on the high-grammage NYX blotting paper at room temperature (left 
column) and at 95° C (right column). (A) Control, (i) low-magnification and (ii) high-
magnification images of the native paper before silanization. (B–D) show the time-course 
transformation of the surface texture when the polymerization is done at room temperature for 
5 min, 30 min, and 24 hrs., respectively. (E–G) show a time-course surface texture 
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morphogenesis when the reaction is performed at 95° C for 5 min, 30 min, and 24 hrs, 
respectively.  
 
 Effect of Reaction Temperatures: To investigate the effect of temperature on the 
treatment, we compared NYX blotting paper treated at room temperature and at 95 °C. 
Figure 3 shows the evolution of surface texture over time when the paper was modified 
with a perfluorinated reagent at ambient temperature (left column) and elevated 
temperature (right column). Comparison between the controls (Figure 3A(i) and 3A(ii)) 
and 5 min treated sample shows formation of small particles at 95° C (Figure 3E) but 
not at room temperature (Figure 3B). When the reaction time is extended to 1 hr, 
particles are observed for both reaction temperatures, albeit being of different average 
sizes (Figure 3C and 3F), whereas after 24 hrs the surface is fully covered by a new 
material and larger (mm size) particles are also observed (Figure 3D and 3G), especially 
for the room temperature treatment.  
The ability to control the percentage of coverage and/or size of the particles formed by 
altering the hydrophobicity of the reagent, the temperature, or the reaction time further supports 
our hypothesis that surface-adsorbed water is likely involved in the reaction of trichlorosilanes 
with the paper surface. In fact, at 24 hrs. reaction time, we anticipate that all the adsorbed water 
will be consumed and any water on the interior of the cellulose fibers can diffuse out and 
participate in the continued growth of the particles (Figure 3D and 3G).  
Effect of Treatment on Paper Surface and Structure: Previously, Gandini and 
coworkers[155] argued that treatment of a cellulosic material with trichloromethyl silane led 
to the production of “inorganic particles,” presumably due to the formation of polysilicate on 
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the surface of the material. Recently, Breedveld and coworkers similarly observed that nano- 
and microparticles are formed only for methyl tricholorosilane but not with any longer chains. 
These observations are not in line with a surface polymerization with concomitant self-
assembly; as such, there is a need to confirm that (i) there are no significant effects of the 
treatment on the paper and the modification is a surface reaction, (ii) that the observed particles 
are organic and not due to the breakdown of the silane, and (iii) that the formed particles are 
actually an assembly of the polymerized silane.  
Bulk Paper Structure and Organization: First, we investigated any major structural 
changes in the properties of the cellulose making up the paper upon chemical modification, 
with the inference that chemical reaction can affect the semi-crystalline nature of the cellulose. 
To evaluate whether the alkylsilanes were diffusing into the fiber and reacting with crystalline 
regions of the cellulose strands, a decrease in crystallinity would be observed through wide-
angle X-ray diffraction. Analysis of untreated NYX blotting paper gave two peaks at 2q = 15° 
and 20°, suggesting that the cellulose is likely semi-crystalline (see appendix). There were no 
observable changes in these peaks or the overall diffraction pattern, even after extended 
reaction times, suggesting that the reaction either was happening predominantly on the surface 
or did not induce a significant structural change, the former being more plausible because local 
structural changes will induce reorganization, and thereby decreased crystallinity.  
Physical Structure of the Formed Particles: To understand the physical form of these 
particles, we coated the surface of the treated (perfluoro alkylsilane, 24 hrs.) blotting paper 
with 10 nm of Au (to avoid surface charging) and used accelerated Ga ions in an SEM-FIB to 
mill through a sample of the large particles formed on the surface (Figure 4). Figures 4A and 
4B are false-colorized images of two particles before and after milling (see appendix for non-
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colorized images). Figure 4A(ii) shows a particle after milling away a significant section, and 
Figure 4B(ii) shows two adjacent particles after milling through their midlines. We observed 
that the particles had solid cores, although sometimes a gap was observed near the particle–
fiber interface (Figure 4A(ii) insert), which would indicate (i) the presence of trapped 
gases/gaseous by-products arising from the reaction or (ii) an asymmetry in the attachment as 
previously proposed by Spencer and coworkers based on spectroscopic evidence.[164] We can 
therefore infer that the particles are solid and attached to the cellulose fibers.  
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Figure 4. SEM micrographs of large fluoroalkyl polymers before and after milling using a 
focused ion beam. i)- (A(i)) Two micro particles highlighted in red. (A(ii)) The largest particle 
was milled in half to reveal a solid core with a small gap forming underneath it (inset, 2.1 µm 
length). (B(i)) Two particles are partially milled down the center (B(ii)) to show that the 
particles are solid. Inset is 2.4 µm across. (ii) Correlation of particle size with hydrophobicity 
(static contact angle, θs) shows a gradual increase that plateaus after a 1 hr. treatment.  
 
 Correlating Particle Size and Hydrophobicity: When the high-grammage paper 
NYX blotting paper was treated with fluoroalkylsilane over different reaction times (5–
300 mins) and temperatures (20° C, 70° C, and 95° C), different sizes of particles were 
observed distributed on the surface of the paper, ranging from 7 nm (5 mins, 95° C) to 
eventual particle confluence. Figure 4C shows the growth of particles over time at a 
constant temperature (95° C). We observed that, as predicted by step-growth 
polymerization kinetics, the particles grow larger with increased reaction times until 
they reach a point where the size seems to start decreasing as a result of confluence—
that is, a film forms on the paper surface because of the merging of the growing 
particles. Based on the evolution in surface texture, we expect that the hydrophobicity 
of this material will also evolve with different reaction times.  
 Figure 4ii shows the evolution of the average particle size and its correlation with 
hydrophobicity, as captured by the contact angles in NYX blotting paper. We observed 
that the wetting properties evolve in line with the size of the particles but plateau after 
5 hrs, at which time we observed almost complete coverage of the surface with the 
polymeric particles. The general trend and correlation of surface changes to wetting 
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further support the transition from “micelle-like” polymer particles to the formation of 
a polymer film/layer—probably what has sometimes been misinterpreted as a 
monolayer. Formation of the particles adds another layer of roughness to cellulose, 
leading to an increase in hydrophobicity;[12] when the reaction time is increased, 
however, the number of particles per unit area decreases as a result of convergence, and 
surface roughness therefore decreases.  
 Unlike with Breedveld’s and Gandini’s research, we observed that with high-
grammage paper, we did not attain ultra-hydrophobicity. We hypothesized that failure 
to attain θs > 120° was in part due to the inherent roughness of the paper. When lower-
grammage paper was treated with the perfluorooctyltrichlorosilane, θs = 123° and θs = 
149° were observed for Whatman chromatography #1 and filter paper #1 (see appendix 
for more details), respectively, even though no particles were formed. The evolution of 
wetting properties, is there dependent on the native roughness of the paper, and texture 
evolution due to the growing particles creating multiple levels of roughness, a key 
parameter in wetting behavior.[12] 
 Chemical Characterization of the Particles: Comparison of the ATR-FTIR 
(attenuated total reflectance Fourier transform infrared) spectra of the treated and 
untreated samples of the NYX blotting paper showed a slight decrease in the –OHstr 
peak (3,330 cm-1),[181] with a concomitant slight increase in the C-Hstr peak (2,950 cm-
1), upon treatment for 1 hr (see appendix). A significant amount of the –OHstr peak was, 
however, still present in the treated sample, suggesting that the hydrogen bonding 
network in the bulk of the paper was still intact. The slight decline in the intensity of 
the –OHstr peak (see insert appendix) suggests that only a small proportion of the –OH 
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moieties in paper is involved in the transformation, which further supports the 
hypothesis that the reaction is likely a surface phenomenon. 
 Analysing the surface by X-ray photoelectron spectroscopy (XPS) gave us the nature 
of the chemical species on the paper before and after treatment (Figure 5). We have 
assigned our best-fit estimates of the species associated with each XPS peak and 
supported our assignments with literature values.[182-184] Two carbon peaks are 
expected for cellulose corresponding to C-O and O-C-O, which we assigned to 287.9 
eV and 289.4 eV, respectively (Figure 6a). Additional carbon signals found in the C-O-
C/C-OH and lower binding energy peaks have been attributed to lignin and adventitious 
species. The ratio of oxygen to carbon helps us determine the amount of lignin in the 
paper. Pure cellulose will give an O/C ratio of 0.83, whereas machine-milled lignin is 
~0.33.[184] The untreated blotting paper sample comes in at a ratio of 0.75, which 
corresponds to a milled wood lignin concentration of ~10%. In addition to the presence 
of lignin, the presence of adventitious carbon challenges any firm inferences that can be 
drawn from the C/O ratio, and as such we exercise caution in interpreting these peaks. 
In the O1s region of the XPS, there are two discernible peaks at 533.8 eV and 531.7 eV, 
which we have assigned to C-OH and C-O-C, respectively (Figure 5B). From the XPS 
data, we observed that prior to treatment, the paper had adventitious silicon (0.68 atomic 
%). Upon treatment with trichloro fluoroalkyl silane, there were significant changes in 
the C1s and O1s regions. The new C1s peaks at 290.9 eV and 293.2 eV were assigned 
to CF2 and CF3 with an atomic ratio of ~5:1, which matches the expected ratio for the 
trichloro fluoroalkyl silane (Figure 5C). The two remaining signals from the 
nonfluorinated methylene groups overlap with cellulose signals and cannot be isolated 
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through peak deconvolution. The 289.8 eV peak decreases upon treatment because 
surface C-OH groups are reacting with the alkyl silane. The original O1s peaks both 
shift and converge to a single peak at 532.8 eV (Figure 5D). The oxygen in 
polydimethylsiloxane is in an electronic environment almost analogous to that of the 
polymerized fluoroalkylsilane and is expected to appear at 532.0 eV,[182] but with the 
addition of a fluorinated alkyl group, the peak shifts to 532.8 eV. The peak at 688.2 eV 
(Figure 5F) matches the literature values for organic fluorine and has an atomic ratio to 
silicon of 13:1. This is the expected F/Si ratio, suggesting that there was no X-ray beam 
damage, a known issue with fluoropolymers. The silicon peaks come in at 103.0 eV, 
which we assign to organic silicon bound to oxygen (Figure 5E). No peaks were found 
for chlorine, so this silicon peak is assigned to organic Si-O. The XPS data are consistent 
with fluorinated alkyl silane adhering to a cellulose surface. 
The XPS supports the presence of the polymerized fluoroalkyl silane on the 
paper but does not directly assign the elemental composition to the particles. Clearly, 
there are particles growing on the surface of the paper, but the source of the particles 
has not been definitely identified. Energy-dispersive X-ray spectroscopy (EDS) was 
used to map the locus of key elements in treated (trichloro fluoroalkyl silane) and 
untreated blotting paper. Because of the high energy needed for EDS elemental 
mapping, a thin layer of gold was needed to prevent charging and minimize surface 
damage. Figure 5H gives the elemental maps of fluorine in the treated paper (see 
appendix for C, O, and Si), whereas for the untreated paper no F was observed (see 
appendix). For the treated paper, as expected, C and O are ubiquitously distributed (see 
appendix for more), while F is aligning with particle distribution—that is, there is a 
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strong overlap between the location of F and the particles. The slight decline in the 
intensity of the F signal can be attributed to damage from the strong X-ray beam needed 
for this analysis. In the control paper sample, adventitious silicon is observed, and thus 
the lack of strong correlation between Si maps and particle distribution. The elemental 
maps therefore support the formation of fluoroalkyl silane polymer particles with 
regions of untreated paper between them. We can therefore infer that the paper is 
probably biphobic—that is, there are regions that are hydrophobic (fluorinated) and 
hydrophilic (non-fluorinated).  
 
Figure 5: (A–F) Chemical characterization of the modified paper by (G) XPS and SEM and 
(H) EDS. (A) Carbon and (F) oxygen signal from the untreated paper; no fluorine was 
observed, and only trace amounts of adventitious Si (< 1%) were observed. (C) Carbon and 
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(D) oxygen peaks are significantly changed upon treatment, with new peaks appearing at 
higher binding energies, and the peak at 290 eV significantly decreases. Peaks that correspond 
to the binding energies of (E) silicon and (F) fluorine are observed only on the treated sample. 
Correlation of the spatial position of particles with fluorine based on SEM and EDS data 
confirms that these particles are derived from the silane. 
 
 Potential Applications—Self-Cleaning Structures: Paper is rapidly emerging as a 
renewable, sustainable, green structural material.[185] The classic work of Shigeru Ban 
illustrated that paper can be used to build emergency temporary houses/structures. We 
demonstrate, using model structures, that incorporation of chemical treatment allows 
these structures to be resilient and, as such, extends their lifetimes. Figure 6 shows the 
resistance of model structures to water. In Figure 6A, a model structure of a house is 
smeared with white clay powder that is then readily cleaned off by pouring water over 
the structure. We also demonstrate that the paper structures can withstand water damage 
such as that sustained through flooding (Figure 6B). These results indicate that the 
treated paper is self-cleaning. In addition to traditional structures, we demonstrate that 
the treatment can be used to prepare functional smart surfaces, as demonstrated in 
Figure 6C, which is used for water harvesting. 
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 In addition to the use of the silane treatment to advance and diversify application of 
lignocellulosic materials shown here, we recently demonstrated that this treatment delays 
biodegradation, allowing paper to remain buried in ambient soil for about a year before being 
fully biodegraded,[106] and upon incineration, the paper does not emit HF,[106] a potential 
deleterious by-product of using silanes. Combining the degradation studies with the current 
work, we believe that a felicitous choice of treatment conditions will diversify the applications 
of paper and other lignocellulosic materials 
 
Figrue 6: Potential applications of treated hydrophobic paper. (A) Semi-permanent structures: 
Model cardboard houses are protected from water, and any particulate washes away on contact 
with flowing water. (B) Soaking the model house in water does not compromise 
hydrophobicity. (C) Water harvesting or flow control: With appropriate design, paper-based 
structures can be used for water harvesting or controlling flow of a condensate. 
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CONCLUSIONS 
 Functionalization of surfaces to impart hydrophobicity can be complicated by the 
presence of adventitious components and/or surface-adsorbed water. Considering the 
presence of adsorbed water, we demonstrate or infer the following. 
 
Mechanism for the Reaction of Trivalent Alkylsilanes with Polar Surfaces: 
Following the nature of the adsorbed layer, we can summarize the process of attachment of the 
silane as follows: (i) Loosely bound water and ambient water vapor are removed on application 
of a vacuum, although at ~30 mmHg there is still a significant amount of water left on the 
surface. (ii) Following Samyn’s[84] definition of the different types of water, we expect that 
the initial reaction of the silane with the surface will lead to cross-linking and deposition of 
growing oligomeric silanes on the surface. Because this layer can flow, the now–
macromonomer silanes can float and move around on this layer. (iii) Upon further depletion, 
the static layers of bound water (so-called freezing or icelike layers) are exposed and are less 
mobile than the capillary water. Local depletion is therefore possible, leading to local 
attachment of the silane macromonomer on a surface hydroxyl group. (iv) The polymerized 
silane particle continues to grow in as more silanes are attached to its edges. (v) As the particle 
coverage tends to confluence, integration of small particles will lead to larger ones and 
eventually to full confluence. The surface is then covered with a film, not a monolayer, of the 
silane. The resulting surface acquires a rough (rugged) texture because of the spherical nature 
of the growing particles- monolayers would lead to a texture that is dictated by the 
substrate.[64] 
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Fabrication of a Biphobic Surface, with Hydrophobic Bumps and Hydrophilic 
Trenches: We demonstrate the fabrication of these types of surfaces by grafting 
polymeric particles on the surface of a paper. By mapping the distribution of 
hydrophobic molecular species (as captured by elemental fluorine) on the surface of an 
otherwise hydrophilic surface, we infer that the surface will have high and low surface 
energy regions. Because these types of surfaces have hydrophobic bumps and 
hydrophilic “trenches,” we refer to them as i-NB (inverse Namib beetle) surfaces, as 
they are an inversion of those observed on the Namib beetle. 
 
 Surface-Bound Water Can Be Used as a Comonomer in Gel Formation Step-
Growth Polymerization of Trichloro Silanes: We hypothesized and demonstrated that 
because most surfaces have surface-bound water, by employing reagents that react with 
water, one can generate a polymeric material recruiting bound water as a comonomer. 
Because the quantity of adsorbed water depends on the surface energy and/or 
architecture of the material, tuning fiber density and distribution can lead to different 
amounts of water and thus to differences in particle distribution. We demonstrated that 
by paying attention to the grammage and fillers in a type of paper, the product of a 
simple silanization can give two very different results. We trace this difference to the 
amount of adsorbed water and the role of the fillers in the ensuing surface 
polymerization. 
Surface Texture Can Be Engineered through Reaction Kinetics: From the Carothers 
paradox, we deduced and demonstrated that the size of particles formed on the surface of the 
paper can be tuned. Through the felicitous choice of reagents, reaction conditions, and the 
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material to modify, we demonstrated that the surface texture evolves over a large range of 
reaction times (24 hrs); hence, by exploiting the slow nature of the growth of the particles, the 
surface texture can be tuned. We also demonstrated that the resultant texture depends on fiber 
density, with too high or too low grammage leading to disordered deposition. This grammage 
dependence can be attributed to the correlation of exposed surface area to accessible bound 
water, with too low or too high fiber density leading to a significant decrease in the amount of 
bound water available for surface polymerization. This inference is in line with the dependence 
of the gel formation coefficient, θc, on the ratio of the two reacting polyvalent monomers.  
 
Wetting Properties (Hydrophobicity) of the Paper Can Be Tuned: Having 
demonstrated that the surface texture can be tuned, by understanding that wetting 
properties correlate to the surface texture, we demonstrated that hydrophobicity of the 
treated paper changes with particle size.  
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CHAPTER 3.   
STRUCTURE-PROPERTY RELATIONS IN SURFACE STEP-GROWTH 
POLYMERIZATION OF MULTIVALENT SILANES WITH SURFACE BOUND 
WATER 
 
INTRODUCTION  
Bio-inspired processes have led to a large range of applications and advances in the 
field of engineering, chemistry, physics and biology.[18, 143, 186-189] These processes have 
been used to alter the surface of materials (both soft and hard) to control the surface 
properties.[18, 45, 143] A common technique used to design these engineered materials is by 
chemical treatment with a silane molecule, which has been hypothesized to form uniform 
monolayers at the surface of the materials.[31, 35, 36, 42, 56, 62, 67, 109, 173, 190-192] 
Recently, we have shown that the assumption of a monolayer formation is not feasible as it 
contradicts well understood chemical processes and ignores the role of surface adsorbed 
water.[33, 34, 109, 193] Presence of surface-bound water implies that the silanes will 
polymerize, with concomitant consumption of this water layer, prior to attachment to the 
material surface. In the case of paper, this polymerization results in macromonomers that 
eventually attach to the surface of cellulose fiber. If the polymerization is well controlled, so 
is the resulting surface morphology and corresponding wetting properties of the materials.[33] 
Self-assembly is widely studied and understood.[62, 67, 109, 194] Molecular self-
assembly is an important process that leads to understanding of varied topics ranging from 
molecular crystallography, surface properties, smart materials, to manufacturing among many 
others. At the molecular scale, however, self-assembly has been erroneously implied, for 
Part of this work has been submitted to J. Mater. Chem. A (2017) 
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example in silane-based surface modification, leading to challenges in material design.[36, 38, 
41, 48, 109, 173, 195] Although each surface behaves differently, they all have in common 
one key surface properties -bound water. Every surface has a layer of water that can change 
the surface reaction either positively or negatively, and for this reason most of the reported 
work on surface modification with the use of silane necessitates reduction of the surface water. 
We, however, are not avoiding this surface water, but take advantage of it, leading to a better 
understanding of the molecular self-assembly of silane molecules.    
Long chain silane molecules are commonly use as coating reagents to produce 
hydrophobic and super-hydrophobic surfaces.[15, 84, 151, 196] The long chains are thought 
to orient into well-packed surface monolayers. Extensive research have shown the potential of 
utilizing silane molecules in not only small but also large-scale applications .REF Recently, 
Tang and co-workers reported the importance of the molecular self-assembly when studying 
different silane molecules.[162] The study was perform on both cellulosic and metalloid 
surfaces (Silicon) with short and long chain silane molecules. They concluded that the silane 
molecules with shorter alkyl chains would induce higher non-wetting properties than those of 
higher alkyl chain, due to the disorder assembly on the surfaces.[162]  
The discrepancy in surface morphologies between Tang et al.[162] and others makes 
predictive design of material surface and interfaces challenging. Recently, reports have shown 
that the molecules at the surface have very different properties than those at the bulk of the 
material.[197, 198] An example of this is the work by Stiopkin et al. where a study of the 
surface water layer was reported. REF Borrowing from this, we can expect a reaction of silane 
with the surface water layer without the need to etch a surface to expose hydroxyl groups. 
Therefore, by studying the surface interface we hypothesize, we can better understand the most 
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favorable assembly of silane molecules from the molecule up allowing us to revise the 
underlying mechanism as shown below (Figure 1).  
 
Figure 1. Schematic depicting the previously reported surface polymerization with silane on a 
cellulosic surface (A). (B) Proposed work on the understanding of the molecular assembly of 
silane molecules of varying valency and chain R- groups.  
 
Experimental 
Materials: A library of silane molecules were purchased from Sigma Aldrich and Alfa-
Aesar and were used as received. Chlorodimethylsilane (98%, Sigma Aldrich, CDMS), 
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trichloromethylsilane (99%, Sigma Aldrich, C1), trichloro(3,3,3-trifluoropropyl)silane (97%, 
Sigma Aldrich, C3), trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97%, Sigma Aldrich, C8), 
1H,1H,2H,2H-perfluorodecyltrichlorosilane (96% Alfa Aesar, C10), 
dichloro(methyl)phenylsilane (97%, Sigma Aldrich, DCMPS), trichlorophenylsilane (>97%, 
Sigma Aldrich, TCPS) and silicon tetrachloride (99%, Sigma Aldrich, SiCl4). For the surface 
treatment, blotting paper (NYXTM cosmetic blotting paper) was use as the substrate for all 
experiment conducted in this report.  
Method: Following the proposed and reported SN2 reaction, for the bound water of 
cellulose surface and silane molecule, reactions for each selected silane was perform via vapor-
phase deposition of the molecule in a close and temperature control system, as shown 
previously.[34] To understand the assembly, each reaction was carried out at various durations, 
to observe the evolution of the assembly over time. Time dependent reaction were subdivide 
into 5 minutes, 30 minutes, 60 minutes, 300 minutes and 1440 minutes.  
Table 1. Library of silane molecules chosen for the study.  
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Topography measurements: Surface analysis was perform with a Scanning Electron 
Microscopy (SEM) Zeiss Supra55 VP field emission microscope. Images where collected 
through an electron beam with accelerating voltage of 1kV, working distance of 10mm and 
an Everhart-Thornley secondary electron detector.  
Contact Angle measurements: Wetting properties of the functionalized surfaces was 
determined by contact angle on a Ramé-Hart 200 (p/n 200-U1) goniometer with a 1µL droplet 
of deionized water. Adhering with tape the edges of the treated paper, samples where stabilize 
and flatten on to the glass slide. Images collected with a high-resolution camera, where 
consequently analyzed with DROPimage software.  
RESULTS AND DISCUSSION 
Short chain silane molecules and their functionality driven assembly. Selected 
molecules with valency of three, such as, Methyltrichlorosilane and trichloro(3,3,3-
trifluoropropyl)silane when exposed to high-density paper, the surface attachment as seen on 
Figure 2, was very disordered. Recent reports by Tang[162] et al. showed that treating a 
cellulosic or even a metaloid (silicon) surface with a short chain molecule like 
methyltrichlorosilane -due to its limitation of rotation-, it would produce random ‘curled’ 
morphologies on silicon surface, to ‘mesh’ strands on the surface of cellulose fibers, instead of 
the hypothesized monolayer. The work reported that as seen by electron microscopy and 
contact angle measurement, the random morphologies resulted in a super-hydrophobic surface, 
reaching a contact angle of 160˚. Unlike Tang and co-workers, our cellulosic surface treated 
by vapor phase chemical deposition of the C1 silane resulted in light ‘spots’ on the surface, 
which leads to smaller contact angles, ~110˚ (further details in sections to come). We attribute 
these results to the limit in the rotation of the molecule to coil into more ordered structures; the 
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three reactive sites allows the molecule to create a series of bonds with surface dangling bonds 
from the bound water of cellulose and the silanol reaction. This reaction, although favored by 
the functionality of the molecule, the methyl group left unreacted has a high intermolecular 
force, hence, the bending force angle of the molecule is expected to be low, therefore keeping 
the molecule standing and or laying on the surface. These results in ‘sheet’ like morphologies 
seen by the micrographs at 60 minutes and 300 minutes.  On the other hand, trichloro(3,3,3-
trifluoropropyl)silane has a mobility in its three carbon chain length. The mobility of the C3 
silane molecule allows assemblies across the time dependent reaction as seen by the 
micrographs shown in Figure 2. Although the morphologies are not clear or uniformed, we still 
see the ‘spots’ on the fiber surface. Thus, the longer chain and/or higher the valency of the 
monomers, the more ‘sheets’ are seen at the surface.  
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Figure 2. Scanning Electron 
Microscopy images of 
functionalized high-density 
blotting paper. Left colum 
represents surfaces treated with 
methyltrichlorosilane (C1) and 
right column treated with 
trichloro(3,3,3-
trifluoropropyl)silane (C3). The 
reactions where perfomed for a 
series of times (top-bottom) of 5 
minutes, 30 minutes, 60 minutes, 
300 minutes and 1440 minutes. 
 
 
 
 
 
 
 
Long chain molecules and their secondary interactions driven surface 
polymerization assembly. Long chain silane molecules have been extensively studied, but 
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has been erroneously concluded that its attachment to a hydroxyl rich surface induces a 
monolayer.[36-38, 150, 164, 199]  Recently, we have shown that this is not the case for an 
eight-carbon chain silane molecule, whose valency is of three, whereby a surface 
polymerization from the reaction is produce. Longer chain molecules tend to surface 
polymerize as previously shown, for example, the ten-carbon chain silane molecule in this 
work. Scanning microscopy images in Figure 4 show the surface polymerization across the 
fiber surface and its growth over time. The particulates of C10 appears larger than the ones 
shown with C8. (Figure 3) This surface polymerization is possible due to the higher degrees of 
freedom of the alkyl chain. The chain is able to rotate and interact with neighboring chains and 
surface water, re-arranging its tails to form round, well-packed particulates on the surface of 
cellulose fibers. The sum of the molecular interactions will play a role in the wetting properties 
of the treated surfaces, which has been shown for alkenthiolates molecule on metal 
surfaces.[11]  
Thiols and their short-long chain effect in the assembly and wetting properties can 
relate to silane molecular assemblies. The study of thiol molecules can be relate to these long 
chain silane molecules due to their simple chemistry, assembly preference and vast literature. 
We have shown previously that short chain n-alkanethiol molecules tend to form a disordered 
assembly (with significant amount of kinks and gauche defects), which is because of the lack 
of significant van der Waals interactions. This disorder assemblies affect the interface structure 
and hence properties, such as wetting. In contrast, longer chain thiol molecules, however, can 
form stronger intermolecular van der Waals interactions, leading to a more rigid and solid-like 
interface, which is also more hydrophobic. In this work, we observed similar trends for silane 
molecules (C8 vs. C10) as in the case of alkanethiolates, where longer molecular chain length 
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resulted in more pronounced hydrophobicity. Therefore, secondary interactions, the driving 
force for molecular assemblies, plays the role in materials wetting properties, where in general 
a more rigid surface/interface has higher hydrophobicity.  
 
Figure 3. Scanning Electron 
Microscopy images of functionalized 
high-density blotting paper. Left 
colum represents surfaces treated 
with trichloroperfluorooctylsilane 
(C8) and right column treated with 
1H,1H,2H,2H-perfluorodecyl 
trichloro silane (C10). The reactions 
where perfomed for a series of times 
(top-bottom) of 5 minutes, 30 
minutes, 60 minutes, 300 minutes and 
1440 minutes. 
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Role of p-p secondary interaction and the limitations of the molecular valency.  So 
far, we have shown the importance of the valency and role of the secondary interactions of the 
alkyl chain. However, when the secondary interactions are the same but with different 
functionality, we see a different behavior in the assembly.  Not only do we have the effect of 
functionality but also of the secondary interaction. To study this effect we reacted our cellulosic 
surfaces with a phenyl silane molecule. Both molecules interacted differently with the surface; 
hence, their interactions have a key role in the surface assembly. Let us first take the molecule 
with the least valency and/or functionality; DCMPS. For the dichloromethylphenylsilane, 
which has a valency of two, commonly used as a building block monomer, has a torsion angle 
of 3.8370. Here, we must account the secondary interaction of 𝜋 − 𝜋; these interactions play a 
role in terms of the stacking of the molecule against each other, the packing density of them as 
neighboring molecules might have an effect on the assembly after surface reaction. When the 
valency of the molecule increases, here trichlorophenylsilane selected, we see a different 
assembly resulted from the surface reactions. Over a period of time, the molecules packed in 
the surface more closely forming the polymerized surface structures seen on Figure 4 (right 
column). The secondary interactions found at the phenyl groups induced higher packing while 
the head groups formed networks with neighboring water and or silane molecule. Both 
interactions favored the surface polymerization, hence the surface wetting properties. This 
effect of bonding is limited in DCMPS by its functionality.  
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Figure 4. Scanning Electron 
Microscopy images of 
functionalized high-density 
blotting paper. Left colum 
represents surfaces treated with 
dichloromethylphenylsilane 
(DCMPS) and right column 
treated with 
trichloroperfluorosilane 
(TCPS). The reactions where 
perfomed for a series of times 
(top-bottom) of 5 minutes, 30 
minutes, 60 minutes, 300 
minutes and 1440 minutes 
 
 
 
 
Random morphology resulted from the small alkyl chain-length but with high 
valency. . Molecules of small valency like chlorodimethylsilane (CDMS) have one reactive 
site to form bonds at the surface. Surface (‘dangling’) bonds located at the surface from the 
water layers available at the bound water of cellulose, readily attack the –Cl site of the silane 
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molecule. This reaction, combined with the intermolecular interactions among the molecules, 
creates an enthalpy dependent assembly. This enthalpic effect is limit by the formation of new 
bonds, which is in the values of 452-428 kJ/mol for Si-O and H-Cl respectively. [200, 201] To 
expand on the ‘dangling’ bond discussion, Stiopkin et al. investigated the structure of an 
aqueous (air-water) interface. The work was performed by combining two techniques, (1) 
surface selective vibrational spectroscopy to study the O-H bond in water, and (2) with a series 
of models on the vibrational signal of the molecules under study, they were able to map and 
determine the ‘true’ signal for the hydrogen bonded molecules between the surface and bulk 
water. Stiopkin and co-workers concluded that only the surface molecules have a distinctly 
different structure from the rest of the liquid and that the strength of interactions of the surface 
water is as comparable to those on the bulk.  We observed this effect as our reaction is surface 
targeted, and we utilize these free bonds at the surface to induce the reaction (Figure 5). When 
examining the functionalized surfaces after a period of time, we noticed the following: a) 
surfaces with one valency had no surface structures formed, even with longer reaction time. b) 
Performing the reaction with a two-valency molecule resulted in a series of ‘spots’ of lighter 
shades that where observed on the cellulose-fiber surface at 5 minutes, 30 minutes, 60 minutes 
and 300 minutes. These morphologies are a result from the limited functionality of the 
molecule. CDMS has a small dipole moment, and its interaction as a molecule, are smaller 
than those found at the surface of the water interface. This weak secondary interaction found 
in CDMS can be the cause of the lack of assembly resulted from the surface reaction. For 
higher functionality silane molecules like silicone tetrachloride, have four reactive sites that 
can bond with both silane neighbor molecules and surface bound water. The reaction can occur 
in all Cl- sites resulting in silicate (SiO4). This compound is notorious to have a negligible 
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solubility to water; this effect is observe on the wetting analysis discussed in later sections. 
The silicate molecule although highly reactive to cellulose surface interface produces a 
randomly 3D network that grows –in terms of surface coverage– as seen on the microcopy 
images shown in Figure 5 for 1400 minutes. The networks assemble better at longer reaction 
times (1440 minutes), given the ability to form this networks the attachment to the surface will 
be limited by the kinetics of the reaction. Another possibility for the absence of networks from 
5 minutes to 300 minutes could be due to the unfavorable ratio (𝑟 = %&%' ) of the monomers as 
discussed from the Flory-Stockmayer equation on gel theory.[202] This equation states that 
there must be an equilibrium from the monomers in order to see the polymerization, if the 
limiting monomer is the silane and/or water, we will see an effect in the polymerization. We 
can relate this effect to our results from the surface treatment of silicone tetrachloride. The 
longer the reaction the more the ratio is balanced out; giving a more favored polymerization 
resulted in the networks formed at 1440 minutes.  
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Figure 5. Scanning Electron 
Microscopy images of 
functionalized high-density 
blotting paper. Left colum 
represents surfaces treated with 
chlorodimethilsilane (CDMS) 
and right column treated with 
silicontetrachloride (SiO4 | 
STC). The reactions where 
perfomed for a series of times 
(top-bottom) of 5 minutes, 30 
minutes, 60 minutes, 300 
minutes and 1440 minutes. 
 
 
 
 
 
 
 
Effect of molecular size in the molecular self-assembly. To investigate the resulted 
morphologies we relate the mass of the molecules to the water contact angle of the treated 
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dense paper (24-hour treatment). The relation was done to correlate the weight of the molecule 
as a hypothesis to investigate the assembly structures. It is known that the heavier the molecule, 
the more rigid the molecule would be. Therefore the rate of rotation and displacement of the 
molecules becomes lower, inducing non-uniform polymerization surface coverage, hence 
higher contact angle. This can be further expanded by taking in consideration that the cellulose 
surface retains its properties; only the silane structures attached to the cellulose are 
hydrophobic. Hence, if we have a ratio of silane structure to cellulose, the ratio must be, high: 
low, in order to obtain high contact angle. From the plot on mass vs contact angle in Figure 
7A, we observe no relation towards the mass of the molecule to the contact angle, suggesting 
that it is still vague to take the mass as an aspect to explain the assembly. Moreover, the shape 
of the molecules (ovality) was also investigated and reported in the supporting information 
(Figure S4). To affirm that the molecule physical properties do not have an important effect on 
the wetting properties of cellulose. The intermolecular forces also influence the kinetics of the 
reaction as a proportional relation between temperature and kinetic energy. In general, we can 
conclude that from the graph on Figure 7A, C10 silane has a strong binding force between the 
cellulose and the silanol groups, however just utilizing the intermolecular forces to investigate 
the assembly of the molecules in the cellulose surface is not enough.  
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Figure 7. (A) Water contact angle for the treated dense paper for 24-hours for different 
molecules, color-coded, and plotted against the weight masses of each silane molecule for the 
study of the wetting properties trend, if any, with the molecular mass. (B) . Water contact angle 
for the treated dense paper for 24-hours for different molecules, color-coded, and plotted 
against the valency number for each silane molecule used in this study. The relationship is 
observe as a logarithmic curve, whereby increase in the contact angle when varying the valency 
value of the silane molecules. 
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Surface reaction and assembly on their effect in the wetting properties of cellulosic 
surface. Up to now, the series of analysis has brought us a series of questions and in order to 
come closer to a proper conclusion on the effect of the silane in the molecular assembly we 
studied the wetting properties after the surface treatment for the library of silanes. To best 
represent the contact angle value, we plotted the functionality of the molecule to the wetting 
contact angles measure via goniometer and water. Figure 7B shows the resulted logarithmic 
trend of the respective numbers. We correlate this effect with the commonly known SN2 silane 
reaction with hydroxyl groups.[193] The key point of this reaction is that the higher the valency 
of the molecule, the better attachment and/or stronger bonding to the surface of cellulose there 
will be, leaving the tail group free to entangle and form different morphologies shown in the 
previous sections. In final points, the valency plays an important role in the attachment, 
therefore, morphology of the assembly from the silane polymerization at the cellulose surface. 
 
CONCLUSION 
 
Understanding the assembly properties of silane molecules is a field that has been 
vague for the past years. Here, we presented a systematic study on the mechanism behind the 
self-assembly behavior when silane is reacted with cellulose surface bound water. The self-
assembly of the molecules on cellulose surface is driven by not only the valency, but also the 
inter-/intra- molecular forces and secondary bonds. The importance of the role on each 
secondary bond and valency will have an effect on the molecular assembly; hence, wetting 
properties, below are some of the concluding points collected from the work. These findings 
allow the engineering of materials a more feasible step when designing super-hydrophobic 
materials.  
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Small functionality leads to high wetting cellulosic surface. Silane molecules whose 
valency of the molecules are 1-2 have limitations in the formation of networks. This small 
bonding with neighboring molecules and the possible limitations on the chain rotation, have 
an effect in the assembly of the molecule to the –OH rich surface. The assemblies are un-
uniform and in the form of spots in the surface, with an overall wetting angle of 90-110˚.  
Higher valency leads to surface polymerization hence higher wetting angles. The 
functionality of the molecule plays a big role in the formation networks, yet the chain length 
plays a role in the coaling hence, polymerizations assembly. The molecular assembly seen 
form the reactivity of three molecules leads to higher surface coverage of spots and or particles 
on the surface when reacted with a longer silane chain. The longer the chain the more particles 
are form on the surface, also leading to higher contact angels of 130-145˚ degrees. The use of 
these molecules for surface engineering is ideal due to their tunable surface polymerization 
and hence wetting properties. 
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CHAPTER 4.  DEGRADATION 
A. SURFACE POLYMERIZATION OF PERFLUOROSILANE TREATMENTS 
ON PAPER MITIGATES H-F PRODUCTION UPON INCINERATION  
 
INTRODUCTION 
Increased interest in paper based devices, especially in low-cost diagnostics, calls for 
better understanding of the effect of the various forms of treatment deployed on the overall 
behavior of the material. Safety, and eventual degradation, are vital especially in biomedical 
waste management. Recently, organofluorine [203] compounds have been adopted for surface 
modification of paper due, in part, to their hydrophobicity and ease of use.[204-207] Fluorine 
based reagents, however, can form toxic hydrogen fluoride (HF) or hydrofluoric acid when 
mixed with water or upon degradation.[208] HF, penetrates the skin and insidiously destroys 
underlying body tissues. Fluoride ions will also react with minerals such as calcium and 
magnesium in the body to form insoluble salts.[209] Furthermore, HF fumes will damage lung 
tissue when inhaled.[209] Despite these hazards, fluorine based reagents have been used for 
different applications such as coatings and modifying wetting properties of porous materials, 
such as paper.[21, 23, 81, 92, 104, 210-212] 
 Recently, paper has gained interest as a substrate for biomedical device fabrication[81], 
partly because it is ubiquitous and affordable. Paper chemistry is also well understood and, as 
such, can be readily functionalized, especially through reaction with surface hydroxyls. 
Fabrication of hydrophobic paper-based devices revolves around the use of hydrophobic 
surface treatment like alkyl silanes presumably as a monolayer (Figure 1a).[93, 109, 110, 193] 
Part of this work has been published previously in RSC Advances (2016) 
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We recently showed that when trichloro perfluoro octylsilane reacts with paper, surface bound 
water is recruited as a co-monomer leading to self-assembly driven chemisorption of polymeric 
gel particles ranging from nanoscale to full surface coverage (Figure 1b).[193]Size of resulting 
polymer particles coupled with inherent anisotropy of the paper fibers leads to surfaces with 
chemisorbed polymeric gel particles of tunable sizes (from nanoscale to full surface 
coverage).[193] Despite wide use of perfluorinated organosilane in surface modification little 
has been investigated in terms of their thermal degradation, in part due to an assumption that 
toxic HF would be generated. In fact, Glavan et al [31] speculated (from elemental analysis of 
the functionalized paper) that thermal degradation of 1 cm2 of perfluoro silane treated paper 
could yield as much as 29 µg HF (at T, 1500 °C) or a maximum of ca. 49 µg COF2 when 
degraded at high temperatures.[31, 213] There is, however, no direct evidence (or cited 
literature to support) whether the fluorinated material will degrade to HF even after 
incineration. This paper, on the contrary, experimentally demonstrates that when the silane is 
polymerized and the paper is incinerated at T< 800 °C there is no detectable amount of HF 
(m/Z = 20) produced, even though this is a well-documented by-product of organofluorine 
compounds.  
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Figure 1.  a) Previous reports suggest that silane attaches on cellulose to form a monolayer. b) 
Recent observations entails that first a reaction between silane (red) and bound water (blue) 
occurs, followed by partial chemical grafting onto the cellulose. Due to differences in surface 
energy, the cross-linked polysilanes self-assemble into particles.  
RESULTS AND DISCUSSION 
Gas phase. Thermogravimetric analysis (TGA) was performed at a heating rate of 20 
°C/min from 40 °C up to 800 °C in air. To diminish potential interference by adventitious 
moisture, IR and MS signals were collected above 100 °C. The TGA results revealed two 
stages of thermal decomposition at 330 °C and 430 °C for both the untreated (control) and 
treated samples (Figure 2a). Interestingly, we observe that the treated samples showed higher 
mass loss than the untreated (90% vs 65%) over the same temperature range. This difference 
is observed irrespective of the time the paper is treated with the silane- which has been shown 
to correlate with the amount of chemisorbed silane. These results are counterintuitive as they 
suggest that surface modification may enhance thermal degradation of the paper- reduced 
residual ash. The difference in percentage weight loss is not specific to either the 330 °C or the 
430 °C regions although, in the treated papers, a noticeable difference in the onset of the second 
degradation region is observed. This discrepancy in the total mass loss may be, in part, due to 
an observed reduction of filler materials in paper upon treatment with the silane. The presence 
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of these fillers (mostly calcium carbonate) can interfere with the thermolysis, producing more 
char compared on the untreated paper.  
Figure 2. Analysis of thermal degradation of perfluoro silane treated paper. A) 
Thermogravimetric analysis (TGA) from 100 °C to 800 °C. b) Total Ion current from 100 °C 
to 800 °C. c-d) FTIR spectrum of decomposition exudates at 330 °C and 430 °C. e-f) Mass 
spectrum of exudates at 330 °C and 430 °C.  
This discrepancy in the total mass loss may also, in part, be due to differences in 
physisorbed adventitious contaminants on the two types of surfaces, with the untreated paper 
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(higher surface energy γ > 70 mN/m) potentially attracting a larger variety of contaminants 
than the treated (γ~ 25 mN/m). Alternatively, it could imply that presence of the hydrophobic 
coating enhances thermal decomposition- to our knowledge, there is no known combustion 
mechanism that explains how this would occur. Although the TGA shows two region of 
thermal degradation, occurring at different rates of mass loss, the Graham-Schmidt plot shows 
an overlap in the total number of exudates (Figure 2b). As expected, a carbonaceous char is 
left behind after thermal degradation, with detectable Fluorine content especially at 330 °C 
(see appendix).  
The exudates from the thermal degradation were analyzed in situ using both IR and 
MS. From the IR data, water vapor and CO2 were the two main detected products. This concurs 
with an earlier study on thermal decomposition of native and oxidized paper, where the main 
products were observed to be CO2 (2400 cm-1), CO (1000-1300 cm-1) and H2O (1500 cm-1 and 
3500 cm-1).[214] In the current study, these are the main observed products, although the CO 
was also observed as trace by-product which can be attributed to incomplete combustion of the 
paper. Presence of water vapor is only observed during the first rapid thermal degradation, 
while in the latter degradation region, CO2 is primarily released suggesting that the slow 
degradation centered at 430 °C could be due to oxidation of C (0) from incomplete combustion 
in the initial step. The lack of an IR peak broadly spread between 3600-4000 cm-1 suggests that 
no significant amounts of HF are released irrespective of the paper treatment time.  
To further confirm the absence of HF during incineration, mass spectrometry was 
performed on evolved gases. At 330 °C, the constituents were mostly water (m/Z=18, M+1 
=19) and small portion of CO (m/Z=44) as deduced from the total ion concentration (Figure 
2e). As demonstrated by the IR, at 430 °C, CO2 was the main component (Figure 2f). From the 
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MS, no HF (m/Z=20) was observed in either of the two temperatures, which is in agreement 
with the FTIR analysis. We anticipated that degradation of the polymeric coating would lead 
to CF2 (m/Z=50) and CF (m/Z=31) signals from the MS, but none were observed. Yet from 
the collected mass spectrum even when extending the range to 80 m/Z (see appendix) there 
was no signal detected implicating that the polymers are not significantly decomposing even 
at high temperatures.  
CONCLUSION 
The use of fluorinated organosilicon reagent for the control of wetting properties of 
cellulose can be easily performed as previously reported[193] and at low cost. The widespread 
implementation of hydrophobic paper devices has been limited due to safety concerns 
primarily based on the notion that thermal degradation leads production of toxic HF. This 
study, however, shows that controlled incineration of cellulose treated with perfluoro alkyl 
silane (up to 800 °C) does not generate HF as confirmed by TGA-FTIR-MS and NMR analysis. 
This work implies that hydrophobic paper treated with organofluorine reagents, with 
concomitant surface polymerization, can safely be disposed by controlled incineration- a 
primary method of waste disposal in developing countries where proper biomedical waste 
management is not available. This study informs the adoption and management of paper-based 
devices especially for the developing world. 
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B. SUBSTITUTING PLASTIC CASINGS WITH HYDROPHOBIC 
(PERFLUOROSILANE TREATED) PAPER IMPROVES BIODEGRADABILITY OF 
LOW-COST DIAGNOSTIC DEVICES 
 
INTRODUCTION 
 Interest in low-cost diagnostic devices has gained attention in the recent past, in part 
due to rising healthcare cost, growing population, environmental concerns, opening (emerging) 
markets in developing countries, and also due to an increased level of research funding in this 
area. For this reason, low-cost rapid diagnostic devices (LC-RDT) for common maladies in the 
developing world (e.g. malaria, HIV, and typhoid) have been commercialized, with mixed 
successes. These point of care (POC) devices introduce a prompt result on biological testing. 
The rapid increase in tools and materials that can be used for the fabrication of LC-RDTs has 
also gained impetus, in part due to involvement of multi-disciplinary teams in their 
development. Although the development in low-cost diagnostics has been well received, little 
effort has been put into understanding the fate of the subsequent biomedical waste especially 
in developing countries like Kenya. In countries without proper solid-waste disposal and/or 
recycling systems, used diagnostic devices often end up in dumpsites where the poorest of the 
population (often homeless women and children) manually scavenge for recyclables as a way 
of life.[215] Unfortunately, these ‘manual recyclers’ do not have access to proper protection 
or medical services and as such are least likely to get treatment once exposed to pathogens 
from contaminated medical devices. Disease pathogens, like viruses, are resilient to many 
harsh conditions especially in cases where the containers holding the medical waste abet their 
survival. 
Part of this work has been published previously in Indus. Crops Prod.  (2016) 
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The use of LC-RDTs continues to increase not only among the medical practitioners 
but to the patient, without concomitant increase in the required biomedical waste management 
systems or public awareness as to the dangers associated with their disposal. This challenge 
puts communities at risk of spreading diseases or re-introduction of more resilient bugs 
(superbugs) that are more resistant against available treatments. One of the main concern with 
current LC-RDTs is their poor degradability, in part due to the way they are packaged. A 
typical commercially-available lateral-flow LC-RDT is made of the active test strip – the basis 
of the test and two plastic casing (Figure 1a and 1b). The latter, made of plastic, constitutes the 
bulk of the device and is not readily biodegradable. To illustrate the challenge with plastic 
waste, polystyrene alone accounts for 20% of the global waste.[216-219]  
To avert the waste-management crisis associated with persistent biomedical waste 
generated by the use of LC-RDTs, we hypothesized that the casing can be substituted with a 
greener, sustainable and biodegradable material, allowing for the contaminated portion of the 
test to be readily exposed and therefore rapidly decompose. A challenge with most available 
materials is low rigidity, wettability, and availability. Paper, although commercially available 
in thin sheets, can be modified to increase mechanical strength and/or control wettability. We 
therefore hypothesized that we can replace the plastic casing with paper without compromising 
the mechanical integrity or the protective role of the casing on the active test strip. Cellulosic 
materials are generally super-hydrophilic, making the material unusable for low-cost 
diagnostic device due to their high water absorption. This aspect may however be mitigated by 
rendering the surface hydrophobic.[93, 109, 110] There are two main processes commonly 
used to create hydrophobic paper surfaces viz; i) physisorbed – in which the paper is considered 
as a porous structure (Figure 1c) and infused with a hydrophobic wax or polymer, and ii) 
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chemisorbed – where the chemical structure of the paper (Figure 1c) is exploited to covalently 
graft hydrophobic units on the surface rendering the material hydrophobic.[109] Our approach, 
entails considering paper both as a biodegradable polymeric and structurally complex material. 
We hypothesized that mechanical strength can be increased by stacking while hydrophobicity 
can be achieved via chemical modification of the cellulosic surface hydroxyls.  
2. MATERIALS AND METHODS  
2.1 Materials 
Cardstock paper (Georgia-Pacific®, purchased in StaplesTM); trichloro (1H, 1H, 2H, 
2H-perfluorooctyl) silane (97%, Sigma Aldrich) used as received; Scotch ® permanent Glue 
Stick (0.28oz, 3M TM, purchased from StaplesTM); Chromatography dipstick reader pad was 
used as received from Malaria Dipstick devices (Biocan® Diagnostic Inc., Coquitlam, Canada); 
Silhouette craft cutter (Silhouette® America Lehi, Utah).  
2.2 Device Fabrication 
2.2.1 Paper based Casings  
Cardstock paper was aligned along the dimensions of the Silhouette cutter mat and fed 
into the cutter. Dipstick shape patterns were sketched in the provided user interface and the 
cutting was initiated using the corresponding modes of cardstock paper and blade setting. Once 
the cutting was finished, the shaped paper was detached from the mat and set aside for 
treatment.   
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Figure 1: Key components making up a lateral flow rapid diagnostic test; a) the top cover 
through which the results are visualized and sample introduced. The active test strips on 
which the assay is executed and fluid movement/separation achieved. The top and bottom 
covers make up the casing and is the bulk of the device (both in size and weight). b) Key 
properties of paper; the organic polymeric materials – cellulose, illustrated by the chemical 
structure showing different reactive moieties, the basis of chemisorbed hydrophobic barriers. 
A scanning electron microscope image showing the mechanical structure of paper, the basis 
of physisorbed hydrophobic barriers 
2.2.2 Paper Treatment and Assembly 
Paper surface treatment was performed by transferring 100 µL of trichloro(octyl) silane 
into a 10 mL vial. The pre-cut paper casing was placed in a warm desiccator along with the 
vial containing silane. The system was then sealed and vacuumed (~ 100 mmHg) for 5 minutes 
then placed in oven at 95°C for 24 hours. The paper patterns were then removed from the 
desiccator and used to assemble the device.  
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2.2.3 Device Fabrication  
Device assembly was performed by bonding the three pieces of hydrophobic paper 
patterns using permanent glue or wood glue as shown in Figure 2. The absorbent pad was 
placed in the corresponding position and secured with a top layer of hydrophobic paper on 
which sample inlet, buffer inlet and an observation window had been precut (Figure 2 (iii)). 
An exact replica (in terms of dimensions) of the Biocan® malaria Ag test was also made by 
stacking pre-cut papers (Figure 2d).  
 
Figure 2. Commercially available plastic casings dipstick devices (a), alongside paper 
based dipstick devices assembled in Kenya (b) and the USA (c). An exact size-replica of 
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the commercial device with paper casing (d) illustrates the bulkiness – due to use of 
multiple layers of paper. A step-by-step guide to the assembly of the devices. Step (i): 
precut the papers and chemically treat them to make them hydrophobic. (ii) Stack the back 
cover and two papers with a precut groove for the test-strip, (iii) install the top cover and 
the device is ready to use. 
3. RESULTS AND DISCUSSION 
The use of plastic casing allows the flow of biological fluids without any interference 
from the casing. With a new casing, capillary flow of biological fluids (artificial urine and 
blood) were evaluated with the fabricated devices and flow rates compared to the commercially 
available tests. We observed that changing the casing to a paper-based one did not significantly 
interfere with the test, and as such, we could evaluate the efficiency of the paper-based casing 
in promoting degradation. We, therefore, focus the remaining discussion on the treatment and 
biodegradation of the devices, considering that the most obvious form of promoting 
biodegradation in developing countries will entail burying the devices. 
3.1. Surface Modification 
Silanes are widely used to control wetting on surfaces bearing reactive moieties like 
hydroxyls and amines.[153-155, 173, 220, 221] We recently showed that when paper is treated 
with trichlorosilanes the surface texture changes with concomitant change in wetting 
properties.[33] This evolution of surface texture is expected based on the Flory-Stockmayer 
theory (Equation 1)[202], which predicts the formation of gel as well as the crosslinking 
probability of the monomers, as shown in Equation 1. The Flory-Stockmayer equation takes 
into consideration the probability of monomer B reacting with monomer A on a unit of branch 
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A )( 2rBp and the molar ratio (r) of the reactive group in each of the monomers in the reaction. 
We therefore demonstrated that treatment of paper with trichloro octylsilanes leads to 
formation of polymeric particle on the surface of the fibers when the reaction conditions and 
ensuing kinetics are well controlled. Unlike the physisorbed coatings, this type of paper 
modification gives biphillic surfaces and we hypothesized that the spacing between the formed 
gel particle would allow for biodegradation agents to eventually diffuse into the paper fibers 
and cause degradation.  
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Evaluating hydrophobicity: Hydrophobicity is required for the application of paper in 
fabricating casing for LC-RDTs. Surface wettability of the treated papers was evaluated by 
measuring the static contact angle. As expected, untreated paper was hydrophilic but became 
hydrophobic when treated with the silane with a contact angle θs = 119.8±2.  
Mechanical testing: The effect of surface modification on mechanical property of paper was 
determined by comparing tensile strengths of treated and untreated paper. 2x5 cm paper strips 
were evaluated using an Instron® 5569 Universal Testing Machine with 100 kN load cells. The 
results showed that there was a slight decline in the tensile strengths with surface silanization 
compared to untreated paper samples (24.34 vs 58.15 MPa respectively) as inferred from the 
stress-strain curve (see appendix). We infer that the decrease in tensile strength could be due 
to partial decreased hydrogen bonds as surface hydroxyls are recruited for the silanization. 
 
 
 
86 
 
3.3 Biodegradation   
Many hydrophobic coatings on paper are physisorbed polymers and these coatings, like 
the plastic casing, limit the biodegradation of the paper. Recent approaches to creating 
hydrophobic barriers on paper offer no advantages to the biodegradation of the material over 
plastics. Physisorbed barriers that are widely used in paper-based devices include thermosets 
like SU-8[102, 103] or infusion with wax via wax printing [80, 104, 105, 222]. These barriers 
lead to a significant amount of material being deposited on the paper which significantly 
interferes with the mechanical and chemical properties of the paper. Chemical surface 
modification – especially in chemical vapor deposition, however, allows for a small size 
coating sometimes being as thin as a molecular monolayer, and as such has little to no 
significant effect on the mechanical properties of the material albeit with drastic changes in the 
surface properties. By retaining structural integrity of the bulk of the material, one can envision 
that faster biodegradation through mechanical and/or chemical bleaching of the thin surface 
coating. In our case, this is expected to occur even faster since there is only partial coverage of 
the paper surface, and therefore a direct access to the non-treated cellulosic fibers. 
We hypothesized that the fabricated paper based casings are expected to fully degrade 
when compared to plastic casings in composting environments. Both the plastic and paper 
based casings were randomly buried on campus (Kenyatta University, Nairobi, Kenya) in 4 
separate sites in the open field. Observations were made for a period of 12 months at 2 month 
intervals when samples were dug up dusted (manually and with a stream of blowing air) and 
weighed. The mass loss (%) were used to assess and compare the biodegradability of the paper 
based casings and versus the conventional plastic casings. We exercise caution in interpreting 
the absolute values as the weight loss parameter carriers with it a systematic error. By 
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subjecting the devices to the same conditions, however, we can confidently interpret the 
relative comparisons which clearly show that the paper-based casings degrade better than the 
plastic analogs (Figure 3). We observe that the paper based casings were mostly decomposed 
in a year, while the plastic casings showed no significant mass loss (Figure 3). The rate of mass 
loss follows an exponential decay (p<0.1), which is expected for a normal decay process. We 
observe that when an exact replica was made, as expected, the degradation was slower as more 
layers of paper were needed to achieve similar dimensions. On the other hand, when only few 
layers (4) of paper were used, the overall degradation was rapid with about 80 % total 
degradation in about 8 months. Under our experimental conditions, an initial lag in the 
degradation process was observed which could be associated with the need to break through 
the hydrophobic barrier before the paper fibers can start degrading. In fact, the mass of the 
paper casings increased marginally during this period, presumably due to slight moisture 
intake. Despite the surface modification of paper casings, the material was degradable although 
much slowly compared to the untreated paper which complete decomposes within the 2 month 
experimental intervals. Thus, the application of ultra-hydrophobic paper produced by silane 
treatment provides a greener alternative for making diagnostic devices casing. Although 
perfluorinated reagents are used, the reduced weight (hence transport cost), biodegradability 
and ease of fabrication enables us to qualify these casings as a greener alternative (based on 12 
principles of green chemistry and green engineering) to conventional plastic casings.  
We demonstrate that even under prolonged treatment (24 hrs.) with a perfluorinated 
silane, the paper can degrade and therefore avert accumulation of contaminated biomedical 
waste. In an actual dumpsite where heat and moisture is high, we anticipate that the degradation 
process will be much faster and it would take less than 8 months to achieve 75% total 
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degradation. Due to the presence of a plastic support on the active strip, total degradation of 
the device was much slower and seems to asymptote below 80% mass loss. 
 
Figure 3. Change in mass of plastic and paper based casings over a period of 12 months 
buried underground. An exponential decay in the mass of the device was observed for the 
paper-based devices but not for the plastic ones. Alongside are the rremaining of both 
plastic and paper based casings after 12-month soil study. As shown in the images, paper 
based casing has degraded substantially leaving behind only the plastic support of the 
active strip, while the plastic casings had no sign of degradation. 
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4. CONCLUSION  
This chapter demonstrates that a simple substitution of plastic with hydrophobic paper 
allows for greener, more adaptable, and affordable alternative to conventional casings for low-
cost diagnostic devices. The new device design allows us to reduce on the overall bulk size 
while promoting degradation albeit, as expected, slower than an analogous one derived from 
untreated paper. A major role of the casing is to provide mechanical integrity of the device.  
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CHAPTER 5. APPLICATIONS 
A. DRAW YOUR ASSAY: FABRICATION OF LOW-COST PAPER-BASED 
DIAGNOSTIC AND MULTI-WELL TEST ZONES BY DRAWING ON A PAPER 
 
INTRODUCTION 
Low-cost diagnostic devices for point-of-care applications require cheap, readily 
available and modifiable substrates to support the components needed for diagnosis. Paper is 
a low-cost, readily available material that has been used as a substrate for chemicals for 
millennia. [223] In low-cost bioanalysis and diagnostics, paper has been used for years in 
applications like test for acidity (litmus paper) or mixture separation (chromatography).[224] 
One limitation of these early paper-based analytical tools is that only one type of analyte could 
be detected at a time. Multiplexing on paper requires isolated test zones that can be established 
through creation of chemical and/or mechanical barriers to limit mixing, through wicking, of 
the different analytes. Such barriers have been generated by printing, stamping, cutting, 
embossing, origami, and/or chemical modification of the paper.[82, 85, 102, 105, 114, 118, 
224-231] Figure 1 gives examples of commonly used methods of creating hydrophobic barriers 
on paper, with Figure 1d illustrating the hand-drawn test-zones fabrication, the subject of this 
paper, for comparison. Each of these techniques has its advantages and disadvantages with 
regard to cost, flexibility in design, reliability, and, technology needs. While most barriers can 
be easily generated in a clean environment with tools that often require electricity, they are 
often not adoptable or achievable in resource-limited settings.  
Part of this work has been published in Talanta (2015) 
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 Drawing or writing on paper, is an old, well-established art form, which has become 
ubiquitous to human existence. Drawing on paper is flexible and low-cost, requiring only a 
paper and ink. The ink (paint) contains two main components, viz; i) a chemical—usually a 
pigment—of which one wishes to deposit on a surface, and, ii) a carrier, which may or may 
not be removed after drawing. We adopted this well-established art to create hydrophobic 
barriers on paper, and therefore, create test-zones that would allow for multiplexing on a single 
sheet of paper. In this fabrication method, the ink is a hydrophobic alkylsilanes, with –OH 
reactive moieties, dissolved in an organic solvent as carrier. Trichloro alkylsilanes have been 
used to modify substrates e.g., metal dioxide, glass, and, metals [42, 232, 233] creating reactive 
and/or hydrophobic surfaces. Silanes have also been used to modify the hydroxyl groups on 
cellulose introducing different functional groups and altering wettability.[82, 114, 224, 229, 
230, 234-236]  
Figure 1. Representation of common 
techniques for creating hydrophobic 
barrier patters on paper. a) Wax 
printing, b) Photolithography using a 
washable resist, and, c) spin-coating 
of a hydrophobic resist on a pre-
treated paper. These techniques 
require energy input and/or equipment 
not necessarily amenable to the field. 
A novel way of creating paper-based 
assay devices without the need of 
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energy is by drawing on paper as illustrated (d). In this paper, hand-drawing is adopted as a 
technique to fabricate assay test-zones or create capillary-driven microfluidic devices on paper.  
In this project, we combined low-cost materials, paper, a pen filled with an ink of a 
hydrophobic silane in a hydrophobic solvent, and drawing by hand (or using affordable tools 
like the craft-cutter) to generate low-cost diagnostic devices. We demonstrated the versatility 
of these hand-drawn low-cost diagnostic devices by applying them in two types of colorimetric 
assays viz; i) detecting glucose concentration in artificial urine, and, ii) enzyme-linked 
immuno-sorbent assay (ELISA) for rabbit IgG. Our data compares well with literature and 
shows that the drawn hydrophobic barriers do not interfere with the assay [113, 118, 227, 237]. 
 
MATERIALS AND METHODS 
Materials: Whatman® Chromatography paper #1 was chosen for its lightweight and 
affordability (~$0.006 per sheet [82]). Food color kit (Shaw’s® supermarket, Tone’s Food 
Color), n-hexane (Sigma Aldrich, ACS reagent grade), n-hexadecane (VWR, MP Biomedical) 
and trichloro (1H,1H,2H,2H, perfluorooctyl) silane (Sigma Aldrich, 97%) were used as 
received.   
Preparation of test-zones: Ink from the cartridge of a silhouette cameo® stencil pen 
was removed, then the cartridge and the lead of the pen were repeatedly washed with hexanes. 
After ascertaining that all the ink had been washed off, the pen was rinsed with copious 
amounts of acetone and allowed to dry at ambient conditions (ca. 12 hrs). Custom ink was 
prepared from a 1:50 (v/v) mixture of trichloro perfluorosilane and hexane (or hexadecane 
where higher viscosity is desired) then placed in the sketch pen. With the custom ink placed 
on the stencil pen, various patterns were created using either a stencil (e.g. ruler) or by tracing 
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along pre-made markings on a paper (punched holes or pencil traces). After tracing, the paper 
samples were placed in oven at 95 ºC, in vacuo, for ca. 5 minutes to remove the solvent where 
hexadecane had been used. When n-hexane was used as the solvent, maintaining the paper 
under vacuum for ca. 5 min at room temperature removed all the solvents.  
To demonstrate the adaptability of the drawing approach to large scale, roll-to-roll, 
production of test-zones, the sketch pen was used with a craft-cutter and patterns similar to 
those drawn by hand were generated in a relatively short time. 
 
RESULTS AND DISCUSSION 
All devices were fabricated using Whatman® chromatography no. 1 paper with 
trichloro perfluorooctyl silane suspend in hexane or hexadecane (1:50 v/v) as the treating 
reagent. Since the silane in hexane is not colored, there were no visible changes on the paper 
upon drawing the hydrophobic barriers, therefore, small dots were either made with a pencil 
or by punching into the paper to guide the user as to the locale of the hydrophobic barriers. 
Application of test-zones in colorimetric assays: After ascertaining that the drawn 
hydrophobic barriers were stable under water or biological fluids (artificial urine and plasma), 
we evaluated their use in assays. It is well known that the behavior of fluids at interfaces 
depends on the total composition of the two liquids, as such, we wish to establish whether 
presence of biomarkers and other assay reagents would lead induce a breach of our 
hydrophobic barriers. One advantage of drawing the test-zone is the promise to rapidly create 
many small test-zones on a single piece of paper. To further demonstrate the utility of this 
technique, we applied the ‘draw-your-assay’ approach to create test-zones similar to those 
described by Whiteside and co-workers [102]. 
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First, we created a clove shaped (triplex) glucose assay platform and used rows of these 
devices for serial dilution and the columns for replication to test for reproducibility. 
Performance and analysis of the assay is as previously reported. Due to the small size of these 
devices hundreds could be readily created on a single sheet of A4 sized chromatography paper 
(Figure 2a).  The glucose assays were performed using artificial urine (Sigma-Aldrich) with 
different concentrations of glucose and in 3x3 matrix factorial assays design (Figure 2a). We 
observed that, as expected, the assays gave a linear response that eventually asymptotes at 
higher concentration. There is, however, a significant background from the control probably 
due to coloration of the paper by the artificial urine (Figure 2b). Due to significant background 
coloration, we could not reliably distinguish, by eye, lower concentrations from the blank, 
hence all images were scanned and color pixels quantified using image J as previously 
reported. A strong linear correlation was observed (R=0.99) for lower concentration (0-55 
mM), but the color intensity plateaus at higher concentrations. The linear region compares well 
with previously paper-based assays[102, 238] indicating that the barriers had no effect on the 
test besides confining the reagents and analytes to the define areas. Glucose assays are simple 
and relatively uncomplicated. We therefore desired to test these test zones using an 
immunoassay that is more elaborate since it requires multiple washings and more biochemical 
reagents. Immunoassays are a good test for the stability of any barrier material on paper.  
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Figure 2: Glucose detection by the colorimetric assays. a) Glucose assays on clove-shaped 
drawn test zones. Different columns represent replicates of the same test, while different 
rows show different concentrations with the concentration decreasing down the column. A 
serial dilution was done starting with 110 mM solution with the concentration being reduced 
by half each time. b) The calibration curve used for quantification of differences in coloration 
with respect to glucose concentration (mmolar) shows a large linear regime. 
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CONCLUSION 
We demonstrated that a simple technique, like drawing, can be used to rapidly and 
efficiently create well defined test-zone through targeted deposition of a hydrophobic reagent 
on paper. This technique pushes the already low-cost paper devices to new limits since it does 
not necessary require any equipment, is easy to use, and can be adopted to any analyte (through 
surface tension of the ink) or environment. 
By defining the test zones using a ball-point pen, we minimize the amount of reagents 
used and reduce wastage by only creating thin (~0.1 mm thick) barriers. Unlike other methods 
[82, 85, 102, 104, 105, 118, 224, 226, 228, 231, 239] used to define hydrophobic barriers, 
targeted deposition of the hydrophobizing material mitigates wastage, and with the low power 
requirements, this approach to fabrication of low-cost devices qualifies as green engineering. 
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B. PAPER BASED MICROFLUIDIC DEVICES BY ASYMMETRIC 
CALENDARING 
 
 INTRODUCTION 
Microfluidic devices have emerged from the need of faster and cheaper manipulation 
of small quantities of liquids for e.g. high-throughput screening.[240-243] Paper a low-cost, 
flexible, and biodegradable material would therefore be an ideal material for microfluidics 
devices. However, paper has been neglected in the past for the fabrication of microfluidic 
devices because it adsorbs water. Specifically, paper is a hydrophilic porous material that soaks 
liquids by a process called imbibition or wicking. Recently, scientists have developed methods 
to engineer the wettability of materials and turn hydrophilic materials into water-repellent 
surfaces. A range of methods have been created to control papers’ wetting properties, such as 
surface modification through particle deposition, wax printing and sol-gel techniques. Many 
of them lack the potential application in undeveloped countries due to need of skilled personnel 
to replicate the devices.   
 Here, we report on an alternative manufacturing method of microfluidic paper-based 
devices inspired by the process of calendering. Calendering compressed a material leading to 
a uniform smoother surface, increasing fiber density. In this work, a mechanical technique was 
applied, known as Targeted Asymmetric Calendering and Hydrophobization (TACH) whereby 
fiber density and the hydrophobicity were increased simultaneously only at selective locations 
on paper. 
The TACH process uses the tip of a sketch pen as the “rollers” in the calendering process. This 
technique is similar to one reported by Bruzewicz D. A et al.[211], in which a pen was 
Part of this work has been published in Biomicrofluidics (2017) 
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replicated by 3D printing and a custom “ink” composed of PDMS and hexanes was used. That 
technique was used to fabricate 1 cm wide hydrophobic barriers for the manufacturing of 
biological assay devices.  
 Contrary to Bruzewicz et al., a sketch pen was used to create hydrophobic channels on 
paper resulting in a low-cost fabrication process. In addition, TACH method does not require 
high electrical energy input to create the paper channels, nor expensive devices like a 3D 
printer. Finally, TACH uses materials that are non-toxic and are readily disposable via 
incineration.[106] 
 
Figure 1. Schematic of (a) known calendering process by roller pressing and (b) 
hypothesized calendering TACH technique by pen pressing on a cross section view of paper.  
 
MATERIALS AND METHODS  
Whatman No. 1 (VWR, GE co., UK) paper was selected as the cellulosic material in 
this study. The customized ink was prepared by mixing (ratio 10:1 v/v%) a solution of trichloro 
(1H, 1H, 2H, 2H perfluorooctyl) silane [SiF] (97%, Sigma Aldrich, St. Louis, USA) and hexane 
[C6] (95%, Sigma Aldrich, St. Louis, USA) chemicals used as received from the supplier. 
Transferring the ink to paper was performed using a sketch pen from a craft cutter (Silhouette 
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Cameo Orem, USA). Once the channels were prepared an adhesive layer was used to protect 
the channels from leakages (Silhouette America Clear Sticker paper, Orem, USA).  An 
automatic pump system was used to transfer water based liquid to the device via polyethylene 
tubing (PE 160, 1.14mm OD, Becton Dickinson, Sparks, MD, USA) connected to inlet needles, 
all secured with Kracy Glue® (hobby Lobby, Ames IA) to the channel.   
 
The following steps were tailed to generate channels on paper by the TACH method. 
First, a sketching pen was de-assembled and the cartridge ink was removed with acetone and 
then air-dried for 30 minutes. Paper was cut into small pieces of 10 x 8 cm; then set-aside until 
sketching time. The custom ink was prepared by mixing 10 mL of hexane and 1 mL of 
fluorinated silane. The mixture was thoroughly mixed with a magnetic stirrer. 100 µL of the 
custom ink solution was transferred into the clean pen cartridge and the pen was then re-
assembled and placed in the silhouette cutter. The paper pieces were placed in the sticky mat 
of the cutter aligned with the dimensions of the silhouette cutter software. Silhouette user-
friendly software was set into sketching mode at a speed of 20 cm/min. Laminar flow design 
of Y were drawn on the silhouette software. The sticky mat was fed into the cutter and the 
sketching process was started. The sketching was repeated 10 times (number of passes) to 
create deeper channels but leaving a distance at the other side of the paper. After sketching, 
the paper samples were removed from the mat and let aside under the fume-hood for 20 
minutes. Lastly, characterization of samples was done through profilometer and X-ray analysis 
carried out at the European Synchrotron facility in France.  
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Figure 2. Surface imaging by SEM of (a) control Whatman no 1 paper and (b) treated paper 
with silane after 24-h reaction exposure. Contact angle result before and after vapor deposition 
of silane on Whatman no 1 chromatography paper, 0° and 123° ±2 respectively.  
 
RESULTS AND DISCUSSION  
Wetting: We recently demonstrated[33] the reaction mechanism of a perfluorinated 
silane in a cellulose surface, whereby the surface bound water plays an important role in surface 
polymerization to occur. Cellulose is known to have strong bound water layers, which allows 
the chemistry to be highly favorable towards hydroxide group interaction with silane 
molecules. Cellulose has five different types of surface water[244] known as; freezing water, 
freezing bound water, non-freezing bound water, free water and bulk water. Both free water 
and bulk water are easily removed from the surface of the cellulose fibers due to capillary 
properties and effect upon introducing heat. The remaining water layers are reacted with SiF 
producing micelles-like structures, manifested as polymer particles that can be tunable as we 
have shown on our previous report[33]. The silanization reaction generates ultra-hydrophobic 
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surfaces on chromatography paper (static contact angle of water Ɵs =123° ± 2). The behavior 
of silane in vapor phase is hypothesized to be the same in the liquid phase. 
 
Surface Characterization: Channels where created while maintaining the bottom 
surface untainted.  The channel depth was controlled by increasing the number of sketching 
passes (3a). Profilometer and tomography was used to observe a channel formed at the surface 
of a piece of Whatman No. 1 sheet of paper (3b) as well as an X-ray image of its cross-section 
(3c). To understand the absorption of water in the targeted sketched samples, water was 
allowed into the samples (3c), represented in artificial blue color, the movement of the liquid 
is along the x direction (from the plane of the image toward the viewer’s side). The treatment 
expands to some point, preventing the transport of water towards the inside of the sketched 
channel as seen in 3c which was measured to be 3 µm outside the channel. At the corners of 
the channel there was no water absorption, which can be in part due to differences in fiber 
density which decreases the velocity of water flow.  
 
Channel Fabrication: The resulting channels had width dimensions of up to ~250 µm. 
To validate the capability of fabricated channels as microfluidic devices, a ‘Y’ design was used 
for fluid flow and theoretical comparison with the literature (Figure 4a-c). 5, 8, 10, 11, 14, 16, 
18, 20, 36-42 Other geometries were also fabricated (Figure 4d-4e) to show the versatility of 
the TACH method. The microfluidic devices were manufactured using paper and tested with 
dyed water (food color) for visualization.   
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Figure 3. Representation of the mean depth profile vs number of passes curve after 
calendering paper by TACH (a). X-ray tomography imaging of calendared paper by TACH 
(b), capillary movement of water collected by x-ray image of a cross-section Whatman no 1 
chromatography paper (c).  
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Once the channels had been created, they were covered with tape and inlets, consisting 
of a needle, and the PE tubing was attached as shown in Figure 4a. Extra care was taken during 
the fabrication of the devices to avoid collapsing these rather delicate channels. Inlets were 
attached using PDMS supports and double-sided tape. The channels were then infused with 
water (containing food color for clarity) at different flow rates based on channel dimensions 
and as predicted from simulations. The fabrication from channel design to a working device 
can be completed within 20 minutes. Three types of designs were fabricated (Figure 4b-4e). 
Due to the low flow rate, the ˦-device showed laminar flow as opposed to droplet generation. 
We exercise caution in the range of flow rates that we could test to avoid over pressurizing the 
channels, which could lead to delamination or leakage through the porous structure of the 
paper. Since paper is a porous material, this becomes one of the weaknesses, although others 
have exploited this porosity to diversify the dimensions of the resulting channels. 5 Since 
TACH does not lead to deformation of the overall paper surface, we evaluated the versatility 
of stacking as a tool to tune the channel depth. We demonstrated that one can easily exploit the 
stack ability of paper to tune the depth of the channels (Figure 4e). 
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Figure 4. Paper-based open-channel microfluidic devices derived from TACH. (a) Schematic 
assembly of a device. A fabricated device before (b) and after (c) introducing liquid in the 
channel at 0.1 mil/min flow rate. (d-e) Top inlet designs of TACH performed showing laminar 
flow on different designs and dimensions.  
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CONCLUSION 
We have created a method to produce three dimension microfluidic channels on paper 
by targeting an area of an asymmetric porous material by pen calendering and chemical surface 
modification through hydrophobic treatment. This method reduces the need for electricity, the 
amount of chemical treatment used and involves a one-step method for the surface chemical 
modification.  By creating a custom ink combining a hydrophobic reagent and a lubricant 
component. The mixture serves as the hydrophobic path to form 3D channels when sketched 
into the paper surface. The resulting channels are capable of running fluids to demonstrate 
passive flow through laminar Y design in a 250 µm width microfluidic channel. The ability to 
create microfluidic channels by pen sketching without the need of specialized equipment and 
trained personnel opens new doors to exploit the use of paper in areas on lab-on-a-chip.  
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CHAPTER 6. CONCLUSION 
 
Polymeric induced self-assembly (PISA) on a cellulosic media for the design of bio-
inspired tunable coating was possible by the understanding and application of the gel theory 
concept to the surface reaction. Also, the selection of varied paper grammage (fiber per unit 
area value) allowed us to select the optimum cellulosic surface to understand and propose a 
mechanism that involves the polymeric assembly of the silane molecules. 
Engineering coatings goes far from the number we get or behavior we wish to receive once 
functionalizing a surface. Coatings are best engineered when studied at smaller scales, 
allowing us to understand the behavior of its core, that later will have an effect, on the overall 
surface. This is a missing part that for many years followed the reported literature; great and 
potential work have been developed, however the missing piece of nano-scale engineering was 
still to be done. An example of this is seen in works by the distinguished professor George 
Whitesides and its many work on paper-based technologies. His work lacked the understanding 
of the molecular interactions to take his technology a step farther. Recently, a work by Prof. 
Spencer in Switzerland proposed a molecular arrangement of silane molecules in a hydroxide 
rich surface by IR analysis. This work by Spencer supported our polymeric driven self-
assembly (PISA) coating tuned by its surface reaction and crosslinked via the molecular or 
nano environment. Our surface polymerization had morphologies not seen before, particles. 
These particles are a result of the molecular assembly induce by the polymerization. This 
polymerization, if well controlled, can result in tunable surface wetting behavior by simply 
understanding the chemical reaction performed by chemical vapor deposition.  
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This proposal was evidence by multiple works now published in a series of journals. The 
first evidence collected was shown in a blotting oleophilic paper, this paper when treated with 
an 8-C chain silane results in a surface molecular assembly of particles with hydrophobic 
properties. Such particles attached on the cellulose surface, whose wetting properties are 
hydrophilic, gives results to a bi-phobic surface, by simply depositing the material in vapor 
phase. This process was also studied in papers like Chromatography Whatman no 1 and 
Cardstock paper. These surfaces where compared for the roles the surface chemistry might 
have in the overall polymerization. Chromatography being the end of the spectrum with no 
fillers or additives, then comes Cardstock paper whose filler materials known as PCC 
(precipitated calcium carbonate) are in large quantity in the material surface and lastly Blotting 
paper, that is mostly composed of additives like Mg and Al.   
Generalizing our behavior of surface morphology upon silane treatment to a broad 
library of papers is an unsure path we have yet to confirm. The variation of paper fillers, 
additives and grammage values, as shown in chapter 2 and supported in Chapter 3 has a big 
impact in the resulted surface morphologies. However, we are still to study the true meaning 
behind the high contact angle values resulted from pure cellulose paper, when no particles in 
the surface are seen. One potential suggestion could be the porosity factor, silane can diffuse 
trough the paper-fiber porosity, changing its wetting properties yet not necessarily having a 
visible at our imaging scale (um) any particles. If this is the case, then the porosity in blotting 
paper shown in Chapter 2 and 3 had a smaller porosity value therefore the reaction was mostly 
seen at the surface and the diffusion rate lower. This is yet to be proven and can be a next step 
in the research. We can design a work whereby the cellulosic surfaces can be dependent on 
surface bound water or diffusion trough fiber porosity.  
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